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FOREWORD 


Biochemical Pharmacology is an international journal which will be devoted to 
“research into the development of biologically active substances and their mode of 
action at the biochemical and sub-cellular level”. Promising reasonable speed of 
publication, it will provide a forum for the discussion of all phases of pure and applied 
cellular pharmacology. 

One has many times pondered on the inexpressible debt owed by our subject to the 
pioneering endeavours of A. J. Clark, on his continuing influence, and on the key 
advances which have occurred during the relatively short space of time since his 
premature and lamented death—advances which he would certainly have greeted with 
characteristic delight. | believe he would have welcomed this journal, as furthering 
our knowledge of what he called the action of drugs on cells, and the modern approach 
thereto. 

Special emphasis is to be given to cancer chemotherapy and related studies, and is 
already apparent in this first issue. Over ten years ago, R. A. Peters predicted the 
usefulness for cellular pharmacology of the radiomimetic and related substances 
which were then emerging into our general view from the hitherto restricted field of 
chemical warfare. The prediction has been amply fulfilled. During this period swords 
have been beaten into ploughshares, and the process is reflected in many succeeding 
papers dealing, among others, with such topics as the reactivity of the biological 
alkylating agents, enzyme-activated mustards, and the physico-chemical aspects of 
the action of the sulphonic acid esters. Yet this is only a stage. The alkylating agents 
are, as it were, reactive molecular spanners which we can throw into the cell machinery, 
and which can send back information on its innermost secrets. Hence, their over- 
riding importance is probably fundamental, through the light they may shed on the 
carcinogenic process and on cellular mutation and variability—in themselves largely 
questions of the action of drugs on cells—with all that this may mean for the future. 

Advances in this particular field are, however, only an example. Equally striking 
and indeed spectacular progress has occurred over the past ten years in many other 
branches of cellular pharmacology, and the omens are that the process must expand 
and accelerate. To encourage and record it will be the main function of Biochemical 
Pharmacology, as the latest medium, and one which can prove itself to be not among 
the least. 

ALEXANDER HADDOW 
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THE BIOCHEMISTRY OF 2-DEOXY-2-FLUORO-DL- 
GLYCERALDEHYDE WITH A NOTE ON THE TOXICITY 
OF 2-DEOXY-2-FLUOROGLYCEROL 


By R. D. O’BrIEN* AND R. A. PETERS 


Biochemistry Department, Agricultural Research Council Institute of Animal Physiology, 
Babraham, Cambridge 


Abstract—The compound (FGA) is toxic to the mouse and rat, producing convulsions 
and accumulations of citrate, particularly in heart and kidney. It has little effect upon 
glycolysis, but is readily phosphorylated by glycerokinase. Evidence is presented that 
with kidney particles, some of the FGA is converted to fluoroacetate, some to a com- 
pound which can inhibit an enzyme acting somewhere between malate and citrate. In 
brain, FGA inhibits respiration in part by a non-specific aldehyde effect, in part by 
conversion to some other respiratory inhibitor. The toxicity of FGA is probably due 
to a conversion of at least a part of it to fluoroacetate. 2-Deoxy-2-fluoroglycerol was 
also found to be toxic to the mouse and to cause citrate accumulation. 


THE sTuDyY of this compound (referred to below as FGA) was undertaken to aid 
in the elucidation of normal metabolic pathways and in the development of new 
pesticidal or therapeutic agents. FGA was first prepared by Taylor and Kent. 


Glyceraldehyde has been known for some time on the one hand as a glycolysable 
compound and as a substrate for liver glycerokinase,”»* and on the other as a potent 
inhibitor of anaerobic (but not aerobic) glycolysis in brain, and of respiration in 
brain.*:® The inhibition of brain respiration occurs only when glucose is present, for 
endogenous respiration is not affected ;* the inhibition cannot be prevented by pyru- 
vate addition’:* although pyruvate prevents inhibition of glycolysis by glyceraldehyde 
in tumours.’ Although L- and p-glyceraldehyde are utilized at equal rates in liver 
glycolysis, the L- is far more effective than the D- form as an inhibitor of brain glyco- 
lysis and respiration.® Breusch’ has reported that cat liver contains two enzyme 
systems capable of oxidizing glyceraldehyde, one of which is inhibited by calcium 
ions, 


MATERIALS AND METHODS 

FGA and 2-deoxy-2-fluoroglycerol were synthesized by Drs. Taylor and Kent and 
generously presented to us by them. The FGA was dissolved in water and stored 
frozen at —19°C. No differences were noted between freshly prepared or frozen- 
stored FGA. Reagents, analyses and the techniques of glycolysis and evisceration 
were as described by O’Brien and Peters.'' 

Kidney and brain particles were prepared as follows: one whole pigeon brain or two 
kidneys from a female guinea-pig (about 400 g body weight) were removed from 
freshly killed animals, placed in iced 0-9 per cent KCI and weighed therein. All subse- 
quent operations took place in the cold-room at 2°C. In the case of kidney, the medulla 

* Present address: Science Service Laboratory, London, Ontario, Canada. 
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was cut out and discarded. The tissue was ground thoroughly in a cold mortar, then 
0-9 per cent KC! was added dropwise with continuous grinding, to a volume of about 
15 ml. As has been previously stressed in this laboratory, any attempt to add large 
volumes of KCI at the start leads to coagulated rather than dispersed particles. The 
suspension was filtered through muslin, and rubbed through with a glass rod, then 
centrifuged in a Servall for 15 min at 6000 g. The supernatant was discarded, and 
the precipitate taken up in 0-9 per cent KCl, which was added very slowly and 
with much stirring. The volume was adjusted to give a concentration of 20 per cent 
w Vv with respect to the original tissue. An appropriate volume of the enzyme prepara- 
tion was mixed with iced buffer, substrate and cofactors, and the iced mixture was 
pipetted into iced Warburg flasks containing the inhibitor (or other variable com- 
ponent). By this procedure the pipetting of very small volumes was minimized. The 
flasks were removed from ice, placed on the manometers and immersed in the bath 
(38°C) at zero time, using a stop-watch to ensure that each flask was immersed in the 
bath precisely 30 sec after the preceeding one. The manometers were closed off in turn, 
precisely 10 min after the given flask had been immersed in the bath. Four readings, at 
ten minute intervals, were usually taken. The flasks were then removed in turn in 
time to allow the addition of | ml of 25 per cent trichloracetic acid at 60 min from 
zero. After standing for about 15 min, the flask contents were filtered and washed 
with 5 per cent trichloracetic acid, with which the volume was then made to 25 ml. 
Citrate was determined on duplicate 5 ml samples. 

The amounts present in each Warburg flask were: enzyme preparation |-0 ml; phos- 
phate buffer 0-25 M, pH 7-2, 0-5 ml; disodium adenosine triphosphate (ATP) 0-5 
mg plus MgCl,6H,O, 0-835 mg in 0-5 ml; substrate for kidney, sodium fumarate 3-5 
mg (2:2 «mole) or sodium citrate 6-43 mg (2-2 umole) in 0-5 ml; substrate for brain, 
sodium pyruvate 3-52 mg (32 umole) plus sodium fumarate 0-7 mg (4-4 «mole) in 
0-5 ml. The volume was made to 3-5 ml with inhibitor or 0-9 per cent KCl. Unless 
otherwise stated, the respiration figures given below are for the oxygen taken up 
between 10 min and 40 min from zero time. 


The figures given for a number of the results show the cumulative inhibition of the total O, at 
that time, given as per cent inhibition of respiration at time ¢; and not of the increment at that time. 
“Zero time’ was taken from the time of removal of flasks from ice to enable extrapolation to the 
first minutes. It is to be noted that the per cent inhibition e.g. in Fig. 7 is calculated between two 
time intervals, say between 5 and 10 min, it would therefore be strictly more accurate to plot at 
7-5 min. This should be kept in mind in interpretation. The accuracy of the figures is lower for small 
values of f, and this is especially true for kidney, in which the first readings are 10 per cent, those 
at 60 min are + | per cent 


Aconitase was assayed as follows: 0-1 ml of the activated enzyme™ was added to 
2-0 ml neutral DL-isocitrate 0-25 mM, then 0-3 ml of water or inhibitor was added, 
then 0-3 ml of phosphate buffer, 0-5 M, pH 7-8. The preparation was incubated at 
room temperature for 15 min, then 0-2 ml of neutral 50 mM pDL-isocitrate was added 
and the optical density change followed, at | min intervals, at a wavelength of 240 mu. 
The order of addition of reagents was extremely critical. 

The studies on carboxylic acids in respiring kidney particles were carried out with 
amounts four times those given above for the Warburg experiments. The substrate was 
fumarate. Incubation was at 38°C in open flasks, with shaking. After | hr, 2-5 ml of 
60 per cent perchloric acid was added. The precipitate was filtered and washed with 
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10 ml of 10 per cent perchloric acid; filtrate and washings were neutralized to phenol 
red with 20 per cent KOH, cooled to 0°C, filtered, and the precipitate washed with a 
little cold 1 per cent KCl. The filtrate was reduced to dryness on the steam bath 
and chromatographed on a silica gel column as described by Bulen, Varner and 
Burrell.'* Five ml fractions were collected; only the 5, 15, 25 and 35 per cent butanol 
-—chloroform solvents were used. 


RESULTS 
Effects in vivo 

The intraperitoneal injection of FGA into mice and rats produced a condition sub- 
stantially similar to that described for DL-1-deoxy-1-fluoroglycerol"! which in several 
ways was like that produced by fluoroacetate. At a dose of 25 mg/kg, there were no 
deaths in the mice (males); but the citrate levels of kidney and heart were raised. 
At 50 mg kg the animals died in about 30 hr, and as Table | shows, the citrate levels 
in the heart and kidney at death were extremely high. In the male rat, 22 mg/kg of 
FGA was non-toxic, but 100 mg/kg was lethal and produced citrate accumulation of 
the same order as reported in Table | for mice. 


TABLE |. THE EFFECT OF FGA UPON CITRATE LEVELS IN THE MOUSE 


Number Time to Citrate* 
Dose of death (ug per g) 
(mg kg) animals (hr) 


Heart Kidney Liver Brain 


3 119+ 18 9 
20 2 — 256 301 156 211 
233 554 75 — 
50 3646 1233 +846 8894119 114+ 16 414+116 


Mice were male albinos, injected intraperitoneally. 
Figures are means +-standard deviations. 


Effects on kidney particles 

Fluoroacetate and fluorocitrate, which resemble FGA in being toxic and causing 
citrate accumulation in tissues, induce large citrate accumulations with kidney 
particles respiring in the presence of fumarate.'*:?5> FGA was observed to inhibit the 
oxygen uptake of such particles, the effect increasing with concentration; but citrate 
accumulation was only substantial at 100 «g per flask (0-33 mM) and was less at higher 
or lower concentrations (Fig. 1). The inhibition of respiration increased linearly with 
time, being negligible at zero time (Fig. 2). 

It seemed possible that the reduction of citrate accumulation at high FGA levels was 
due to an inhibition of an enzyme concerned in the conversion of fumarate to citrate, 
superimposed upon an effect due to aconitase inhibition. This would give a reduced 
supply of citrate at high FGA levels, and since the observed citrate level is a function 
of the difference between the rates of supply and removal of citrate, could produce 
low citrate levels in spite of substantial aconitase block. This possibility was sub- 
stantiated by observing the effect of FGA upon citrate disappearance from kidney 
particles, i.e. with citrate rather than fumarate as a substrate. The results (Fig. 3) 


* Calculated as citric acid. 
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showed that citrate disappearance was inhibited, and therefore aconitase was blocked, 
to an extent proportional to the FGA concentrate. Further substantiation was ob- 
tained by showing that with fumarate as substrate, the citrate accumulation caused by 
fluoroacetate or fluorocitrate (known to inhibit aconitase specifically) is reduced by 
high levels of FGA (Table 2). 
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Fic. 1. Effect of concentration of FGA upon citrate accumulation (©) and respiration (@) of kidney 
particles 


Substrate: fumarate. 
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Fic. 2. Variation, with time, of inhibition of kidney particle respiration by FGA. 


Experiments were carried out to compare the effects observed above with those 
given by fluoroacetate. In this case a considerable variation was encountered: at one 
extreme, the respiration of the kidney particles was very markedly inhibited by the 
compound (e.g. | mg per flask of fluoroacetate gave 73 per cent inhibition) and the 
citrate level in flasks treated with | mg was up to | «mole less than in those treated 
with 0-1 mg. Fig. 4 gives the mean values for three such experiments. In other prepara- 
tions, the respiratory inhibition was much less (e.g. 30 per cent by | mg of fluoro- 
acetate) and the citrate level remained at the same high level for | mg as was given 
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TABLE 2. Errect oF FGA UPON THE CITRATE ACCUMULATION CAUSED BY FLUOROACETATE 
OR FLUOROCITRATE IN RESPIRING KIDNEY PARTICLES 


Inhibitors Per cent inhibition Citrate 
of respiration (umoles per flask) 
‘ Nil — 0-31 
FGA 500 peg 62 0-33 
Fluorocitrate 5 ug 51 0-71 
Fluorocitrate 5 ug 
FGA 500 ug 79 0-47 
; Fluoroacetate 250 ug 70 0-72 
Fluoroacetate 250 yg 
FGA 500 ue 77 0-45 


Substrate: fumarate, 22 wmoles per flask. 
Enzyme 1-0 ml: phosphate buffer 0-25 M pH 7:2, 0:5 ml; Na,ATP 0-5 mg plus MgCl,6H,O 0-835 mg 
in 0-5 ml; Na fumarate 2:2 zmole — inhibitor. Total volume made to 3-5 ml with 0-9 per cent KCI. 


by 0-1 mg. This variability in response (which was never observed with FGA) is 
probably connected with the fact that some kidney samples gave very low or negligible 
respiratory rates. The results obtained with such samples are not given in this paper. 
Some 5 per cent of the kidneys taken were deficient in this way. Such poor kidneys were 
usually pale in colour and sometimes mushy in texture. They were found most com- 
monly in old male guinea-pigs, least in young females. This kidney condition is due to 
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Fic. 3. Effect of concentration of FGA upon citrate utilization (©) and respiration (@) of kidney 
particles. 


Substrate: citrate. 


a nephritis endemic in this and possibly other guinea-pig populations.’* The kidneys 
in best condition have the highest respiratory rate, which is least inhibited by fluoro- 
acetate, and do not show the phenomenon of lowered citrate levels with increasing 


fluoroacetate concentration. 
Fig. 5 shows how the respiratory inhibition, caused by fluoroacetate, varies with 
time. The kidney sample was in good condition, judged by the criterion of smail 
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respiratory inhibition With less excellent specimens, the curves corresponding to Fig. 
5 do not flatten out so rapidly. 

The finding of citrate accumulations following FGA treatment both in vivo and 
in vitro suggested that at least some of the FGA was metabolized fairly readily to 
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Fic. 4. Effect’of concentration of Na fluoroacetate upon citrate accumulation (©) and respiration (@) 
of kidney particles 
Substrate: fumarate 
Na fluoroacetate 1000 yg 10 ~zmoles 
Figures are means of three experiments 


40 50 60 


5. Variation, with time, of inhibition of kidney particle respiration by fluoroacetate 


Top curve: 1000 ~g fluoroacetate per flask (2-9 mM) 
@ Middle curve: 250 peg 
Lower curve: 100 ug 


produce fluorocitrate, which in turn blocked aconitase, Fluoroacetate or fluoroacetyl 
CoA might be intermediates in such a conversion. In order to test this hypothesis, 
kidney particles were incubated with FGA, then boiled and centrifuged. The super- 
natant was added to a preparation of respiring pigeon-brain particles (these accumulate 
citrate upon treatment with fluorocitrate, but not with fluoroacetate’’ nor with FGA, 
although FGA reduces the citrate accumulation caused by fluorocitrate (see results 


below)). 
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The results, given in Table 3, suggest that fluorocitrate was produced by FGA, and 
that more was produced by 400ug (25 per cent) than by 100 ug (13 per cent); this is in 
harmony with the finding (Fig. 3) that inhibition of aconitase in kidney particles, as 
assayed by citrate disappearance, increases with increasing FGA concentration. The 
findings are therefore those to be expected if some fluorocitrate were produced from 
FGA by the kidney particles via fluoroacetyl CoA. Nevertheless it was unsatisfactory 
that so much of the supernatant had to be used that there was substantial increase in 
citrate with the control A. Possibly this could be improved by much more controlled 
Studies (cf. Peters and Wakelin'’); but it is difficult to get reliable results, where as 
much as |-0 ml of supernatant has to be used. There is the further uncertainty produced 
by the oxidation of fluoroglyceraldehyde, and the effect of any products on the sub- 
sequent brain test. In view of this, this experiment can only be regarded as indicative. 


TABLE 3. PRODUCTION OF FLUOROCITRATE BY KIDNEY PARTICLES INCUBATED WITH 
FGA; AS ASSAYED BY SUBSEQUENT EFFECT UPON CITRATE PRODUCTION BY PIGEON-BRAIN 
PARTICLES 


(i) Indicated levels of FGA incubated with kidney particles in triplicate for 1 hr in Warburg apparatus 
(38°C), then flasks chilled in ice. Contents of 3 flasks (9-75 ml) pooled. Three ml aliquot taken for 
citrate determination. Remainder boiled 5 min and centrifuged. Details of preparation were as given 
in Table 2 


10QcR2 Inhibitor Citrate* Designation of 
(umoles in | hr) supernatant 
Nil 0-12 A 
FGA 100 Me 0-14 B 
FGA 500 ug 0-18 Cc 


(1) One ml of supernatant incubated with pigeon-brain particles. Pigeon-brain particles (20 per cent) 
in O-9 per cent KCI in 1-0 ml; 0-5 phosphate buffer M4 pH 7:2, 0:5 ml (ATP 0-5 mg MgCl.) 
0-1 ml Na fumarate (4-5 umole); 0-4 ml Na pyruvate (32 umole); 1-0 ml supernatant or 0-9 per cent 
KCl. 


Additions O, uptake Citrate* t 
(umoles in 30 min) (umoles in hr) 
uf Nil 5-98 0-40 
A 8-40 0-59 
B 8-67 0-67 
Cc 7-50 0-74 


* Calculated per Warburg flask. 
* Corrected for that added with A, B, and C. 


In order to investigate the possibility that FGA inhibits respiration at some other 
point as well as at aconitase, a study was made of the levels of carboxylic acids in 
respiring kidney particles treated with the equivalent of 500 pug per Warburg flask of 
FGA, i.e. at the level of suppression of citrate accumulation. The results (Table 4) 
Show that much less fumarate disappears if FGA is present. It also demonstrates the 
high malate level in the control preparation, and shows that the disappearance of this 
malate is reduced by the FGA. There appear to be no other important changes caused 
by FGA in the levels of known carboxylic acids. 
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TABLE 4. Errect oF FGA UPON CARBOXYLIC ACIDS IN RESPIRING KIDNEY PARTICLES: 
SUBSTRATE WAS FUMARATE 88 «MOLES. OTHER CONSTITUENTS AS IN TABLE 2 


Maximum* Control With FGA 
(Tube no.) Identity 
pmoles equiv umoles 


acetate 
fumarate 


a-keto-glutarate 
ctis-aconitate 


Aw 


1x 


malate 
citrate 


> 


* 5 ml fractions 
Analysis was by silica gel column chromatography. Identification was solely on basis of identity in 
position of maximum on the column, and is therefore tentative 
The unknown components are not: pyruvic, glutamic, lactic, succinic, trans-aconitic. oxalic. glycolic 
or isocitric acids, none of which were found in this preparation 
Substrate: fumarate, 88 umoles. 
Phosphate, ATP and ADP are not eluted from the column 
The »moles are calculated on the assumption that the identity of the acids is as shown. 
FGA at 1-6 mM (equivalent to 500 ug per Warburg flask). 


Effect upon aconitase 

The unambiguous demonstration that FGA was converted to fluorocitrate in vivo 
and in kidney particles in vitro required that FGA should be ineffective against aconi- 
tase. Aconitase was purified from pig heart according to Morrison® as far as the first 


ethanol fractionation. FGA was found to inhibit aconitase: the extent of the inhibition 
varied with the time of storage (at 0°C) of the activated enzyme, even though the 
activity of the uninhibited enzyme was unchanged. The effect is probably connected 
with progressive oxidation of the cysteine in the activated enzyme preparation. This 
was confirmed by the finding that acetaldehyde also inhibits aconitase., suggesting that 
the FGA effect is a non-specific aldehyde one. With freshly activated enzyme, 2-8 mM 
FGA gave 19 per cent inhibition, 4-7 mM acetaldehyde gave 63 per cent inhibition. 
Since acetaldehyde has no effect upon kidney particles, the direct effect of FGA upon 
pure aconitase may have no connection with the effect of FGA upon kidney particle 


aconitase. 


Effect upon brain particles 
Pigeon-brain particles are known to be unaffected by fluoroacetate: very small 


TaBLe 5. Errect oF FGA AND ACETALDEHYDE UPON PIGEON-BRAIN PARTIC LES. 
DETAILS OF PREPARATION WERE AS GIVEN IN TABLE 3 (n) 


Inhibitor mM concn O, uptake Per cent Citrate 
(amoles in 30 min) inhibition (uxmoles in | hr) 


Nil 6 16 0 $4 

FGA 0-036 5-89 0-55 
0-36 491 0-46 
1-80 2-68 

Acetaldehyde 0-38 §-29 
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quantities of fluorocitrate inhibit the oxygen uptake and cause large quantities of 
citrate to accumulate.'’ Table 5 shows that FGA was a strong inhibitor of the respira- 
tion of pigeon-brain particles; but that the citrate level was in fact a little reduced, 
presumably as a consequence of the respiratory inhibition. As a corollary, FGA was 
observed to reduce the citrate accumulation caused by the addition of fluorocitrate to 
respiring brain particles (Table 6), this effect being similar to that shown for kidney in 
Table 2. 


TABLE 6. ErFecT OF FGA UPON THE CITRATE ACCUMULATION CAUSED BY FLUOROCITRATE 
IN RESPIRING BRAIN PARTICLES. DETAILS OF PREPARATION WERE AS GIVEN IN TABLE 3 (ii) 


Inhibitors O, uptake Citrate 
(umoles in 30 min) («moles in | hr) 


Nil 6-00 0-40 
Fluorocitrate 10 pg 3-12 1-48 
FGA 500 ue 2-90 0-37 
Fluorocitrate 10 pug 

FGA 500 png 2-14 1-04 


Since certain other aldehydes have been reported to inhibit respiration in brain 
(e.g. Mann and Quastel'*), a non-specific aldehyde effect was suspected, and acetalde- 
hyde was therefore studied. As Table 5 shows, it too produced an inhibition of res- 
piration and (to a small extent) of citrate production, but was only about one-tenth as 
effective as equimolar FGA. 

It was still uncertain to what extent FGA owed its effect upon respiration to a non- 
specific aldehyde effect. A number of simple aldehydes were therefore examined and all 


— 


(min) 


Time 


Fic. 6. Variation, with time, of inhibition of brain particle respiration by various aldehydes. 
@ FGA 1-6 mM (top) or 0-3 mM (bottom). 
butyraldehyde 10 mM. 
A acetaldehyde 3-2 mM. 
propionaldehyde 50 mM. 


glyceraldehyde 20 mM. 
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were observed to have an inhibitory effect. One of the characteristics of all of the 
aldehydes except FGA and glyceraldehyde was that the inhibitory effect lessened with 
time of incubation, as shown in Fig. 6, and that the rate of reduction of inhibition in- 
creased with increasing aldehyde concentrations. Clearly the aldehydes were being 
oxidized, but quite slowly. This was confirmed by more extensive studies upon the 
effect of aldehyde concentration upon inhibition of respiration: thus inhibition of 
respiration was maximal at about 50 mM for propionaldehyde and butyraldehyde, and 
declined at higher levels; in fact with | M propionaldehyde there was a 35 per cent 
stimulation of oxygen uptake, clearly due to aldehyde oxidation. Because of this oxida- 
tion, the figures for inhibition by the aldehydes were calculated for zero time by extra- 
polation. These corrected figures were plotted and by interpolation the aldehyde 
concentration required to inhibit respiration of brain particles by 50 per cent was 
found. They are given in Table 7. The non-fluorinated aldehydes were observed to 
have no effect upon kidney particle respiration. 


TABLE 7. INHIBITIONS OF BRAIN PARTICLES RESPIRATION BY VARIOUS ALDEHYDES. 
DETAILS OF PREPARATION WERE AS GIVEN IN TABLE 3 (ii) 


Aldehyde Concn. for 50 per cent inhibition 
of respiration (mM) 


Formaldehyde 0-24 
 Acetaldehyde 45 
Propionaldehyde 8-0 
Butyraldehyde 8-0 
pi-Glyceraldehyde 35 
Glycolaldehyde 8-0 
Benzaldehyde 13 


Inhibitions were obtained by graphical estimation, from data obtained (for each of a series of con- 
centrations) by extrapolating the plot of *‘per cent inhibition of respiration” against “time” back to 
¢= 0. 


FGA acted unlike the other aldehydes in that its inhibitory effect slowly increased 
with time, as shown in Fig. 6. A closer examination of this phenomenon was made, 
and by reducing the temperature equilibration phase to 5 min and reading at 5 min 
intervals the curves shown in Fig. 7 were obtained. Clearly there is a stimulation of 
respiration initially, with low levels of FGA. The significance of these curves is dis- 
cussed below. From them the FGA concentration for 50 per cent respiratory inhibi- 
tion was obtained: at / 10 min, it was 2°8 mM; at ¢ = 30, 1-8 mM; at ¢ = 65, it 
was 1-6 mM. 

If the effect of FGA and of acetaldehyde upon brain particles were a non-specific 
aldehyde effect and reversible, a protection of the brain by reagents that can combine 
with aldehyde would be expected. The effect of cysteine, at twice the molar FGA level, 
was examined, using FGA at 250 ug per flask. 

The first experiments were upon the addition of cysteine some time after the addi- 
tion of aldehyde. In the course of these experiments a curious observation was made. 
Often the per cent inhibitory effect of FGA seemed to pass through a maximum, e.g. 
at 30 min, and then to decrease. This was found to be always associated with the 
control preparations showing a levelling off in oxygen consumption at the time of the 
above maximum, whereas the consumption of the inhibited preparations did not level 
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off. This is shown in Fig. 8, which also shows that cysteine tipped in at 25 min had a 
negligible effect either upon the control or the FGA-treated system. 

Two other procedures were investigated. It was found that if (a) the cysteine and 
FGA were incubated together for 5 min at room temperature, then iced and the other 
components then added, or (b) the FGA, enzyme, buffer, cofactors and substrate were 
iced, then cysteine added (i.e. cysteine added at zero time in an experiment otherwise 
equivalent to that reported in the paragraph above), then in both cases a substantial 


Op uptake 


Io inhibition of 


30 40 50 60 


Time (min) 


20 


Fic. 7. Variation, with time, of inhibition of brain particle respiration by various levels of FGA 
Top curve: 1000 ug FGA per flask (3-1 mM). 

Lower curve: 500 yg. 

Lower curve: 250 ug. 

Bottom curve: 100 yg. 


protection from inhibition was afforded, the respiratory inhibition at 30 min from 
zero being reduced from 35 per cent to 12 per cent with technique (a) and to 11 per 
cent with (b). 


Effect of FGA upon glycolysis and glycerokinase 

The effect of FGA upon glycolysis in guinea-pig brain was examined briefly using 
FGA at 7:2 mM (21-7 «moles per flask). In a system glycolysing anaerobically in the 
presence of glucose, FGA inhibited lactic acid formation by 7 per cent (i.e. by 0-7 
umoles); but phosphorus incorporation was actually increased, by an average of 
0-7 ~zmoles per flask (figures are means of four experiments). This apparent paradox 
would be explained if FGA inhibited glycolysis slightly, but was itself phosphorylated. 
The most probable enzyme that could account for FGA phosphorylation was gly- 
cerokinase. A purified preparation of this enzyme was made according to the method 
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of Bublitz and Kennedy,* using (as did these authors) rat livers. The resulting prepara- 
tion phosphorylated FGA readily, as judged by disappearance (from ATP) of acid- 
labile phosphorus, and by acidogenesis in a bicarbonate buffer. In 20 min the reaction 
was complete and 50 per cent of the added FGA was phosphorylated (added 5-4 
pmoles; acid released, 2-8 «~moles). Presumably only one optical isomer is phos- 
phorylated. FGA (at 4-9 mM) was phosphorylated ten times faster than glycerol 
(at 9-9 mM). It has been reported® that DL-glyceraldehyde is phosphorylated at 1-5 
times the rate of glycerol. One may therefore predict that FGA will inhibit glycerol 


25 
Time (rmun) 
Fic. 8. Effect of FGA and cisteine upon brain particle respiration. Zero time is moment of taking 
from ice into Warburg bath 

control. 
@ cysteine 430 vg added at arrow. 

FGA, 250 Me. 
A FGA, 250 ug, cysteine 430 ug added at arrow. 


phosphorylation substantially and competitively; the actual demonstration would in- 
volve analysis of the products of glycerokinase action in such a way as to distinguish 
between glycerophosphate and 2-deoxy-2-fluoroglyceraldehyde phosphate. If glycero- 
kinase is present in guinea-pig brain, these results with glycerokinase account for the 
increased removal of inorganic phosphate observed above, when FGA was added to 
glycolyzing brain. 


Importance of the liver in FGA poisoning of the whole animal 

It has been shown for the rat that in the “eviscerated” and functionally hepatecto- 
mized animal, high levels of DL-1-deoxy-|-fluoroglycerol have no effect upon citrate 
levels of heart and kidney. In the intact animal, on the contrary, this compound pro- 
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accumulations are not as great as those observed in the intact animal. It therefore 
seems probable that the liver plays a role in poisoning by FGA. 


The toxicity of 2-deoxy-2-fluoroglycerol 

This compound was investigated because, like FGA, it is a 2-fluoro three-carbon 
compound; there is a possibility that FGA would be an intermediate if 2-deoxy-2- 
fluoroglycerol were oxidatively degraded. 

Male mice were injected intraperitoneally with the compound. At doses up to 70 


TABLE &. EFrect oF FGA UPON CITRATE LEVELS IN ““EVISCERATED”’” AND FUNCTIONALLY 
HEPATECTOMIZED FEMALE RATS 


Citrate 
(ug/g) Survival 


Kidney 


Controls 


Injected (i.v.) FGA 
100 mg kg 563 
147 
157 


The rats were anaesthetized with 1-5 g/kg of urethane. Treatment consisted of removing the alimentary 
canal after tying the coeliac and mesenteric arteries and portal vein. Penicillin (25,000 units) and 
glucose (200 mg every 3 hr) were given. Technique described by O’Brien and Peters"’. 


mg kg, no deaths were observed. At 100 mg/kg, three out of five survived and ap- 
peared completely normal. The other two died after 13 hr and 3 days respectively, 
after prolonged sprawling, then prostration and markedly reduced body temperature. 
The average citrate values (ug per g wet weight) in these five were: heart 320 + 54, 
kidney 981 + 544. The corresponding values for untreated mice were 119 + 18 and 
83 + 9. At 200 mg/kg all mice died. 


DISCUSSION 

Though this is a subject which clearly requires more investigation, the results in vivo 
suggest the hypothesis that FGA produces its toxic effect by a preliminary conversion 
to fluoroacetate or to fluoroacetyl CoA. The poisoning of the animal would then 
follow by the usual conversion to fluorocitrate with consequent aconitase block. 
However at the biochemical level with kidney particles more complex phenomena 
were observed, inhibition both of aconitase and (at higher FGA levels) of some other 
enzyme being probable. This enzyme would be one interposed between fumarate and 
citrate in the tricarboxylic acid cycle, since its inhibition led to a reduced synthesis 
of citrate from fumarate. Since malate levels were actually increased by FGA 
(Table 4), fumarase is probably not inhibited. There is no other evidence upon the 
identity of this “‘other enzyme”; the accumulations of fumarate and malate caused 
by FGA in kidney particles could be caused by inhibition of malic dehydrogenase, 
condensing enzyme, malic enzyme, etc., since the accumulation of the metabolite 
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of the cycle could be caused by the inhibition of a fairly distant enzyme, if the 
relevant dissociation constants under biochemical conditions prevented the accum- 
ulation of the metabolite immediately preceding the inhibited enzyme. Since citrate 
levels in poisoned animals are greatly increased, it is unlikely that inhibition of the 
“other enzyme” is important in vivo, probably because high levels of FGA are not 
attained in the whole animal. 

The linear production of respiratory inhibitor by kidney particles (Fig. 2), contrasted 
with the fluoroacetate type of inhibition (Fig. 5), shows that FGA per se is inactive as 
an inhibitor, but ts converted to an active inhibitor. Since the curves show no sug- 
gestion of levelling off at the inhibitory level expected if all the FGA were converted to 
fluoroacetate, it is likely that the respiratory inhibition is not due to fluoroacetate 
production from FGA. The results with kidney particles shown in Fig. | suggest that 
an aconitase inhibitor is present as well as a more direct respiratory inhibitor. This 
aconitase inhibitor may be fluorocitrate; however, the fact that FGA inhibits pure 
aconitase is probably due solely to the compound's aldehyde group, and since acetalde- 
hyde is also an aconitase inhibitor with pure aconitase but without effect on kidney 
particles, we may tentatively exclude a direct effect of FGA upon aconitase in the 
particles, If fluoroacetate or fluoroacetyl CoA is denoted FA, and the direct respira- 
tory inhibitor ts denoted X, two possibilities exist in kidney: 


FGA -» X -» FA, or FGA 
4 
FA 
In either case other intermediates may occur. 

In brain, a respiratory inhibition only is noted, which is further evidence that FGA 
cannot affect particulate aconitase directly. This respiratory inhibition may be asso- 
ciated with a non-specific aldehyde effect, since it is of an appropriate order or magni- 
tude, The time relationships show a complex state of affairs (Fig. 7). One interpreta- 
tion would be that FGA is readily oxidized itself (since negative “respiratory in- 
hibitions” are observed), but that it also inhibits a system responsible for respiration. 
The strong inhibitory effect by, say, 1000 ng of FGA even at 10 min from zero suggests 
that FGA itself is a respiratory inhibitor (and this is probably due to its aldehyde 
grouping). It is clear that some process is going to convert FGA quite rapidly to an 
even more potent respiratory inhibitor, a process completed in 40 min in the case of 
high FGA levels. This inhibitor may be identical with the unknown “direct respiratory 
inhibitor” produced by the action of kidney particles on FGA. 

The fact that cysteine added at or before zero time can combat FGA inhibition of 
brain respiration cannot be taken as evidence that FGA acts by complexing or com- 
bining with SH groups in brain. All that it shows is that cysteine forms with FGA a 
complex or compound that is not inhibitory. Acetaldehyde inhibition, however, is 
affected by cysteine just as is FGA inhibition, so that the findings with cysteine are 
compatible with the hypothesis that at least some of the inhibition of brain respiration 
by FGA is a non-specific aldehyde effect. Such a non-specific inhibition is to be ex- 


pected from the finding of Schubert'* that aldehydes combine with a great variety of 
SH compounds 
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duces very high citrate accumulations in these tissues.'! This and other evidence sug- 
gested that the liver was of primary importance in poisoning by this compound. 
Using the same technique, FGA was injected intravenously into the “‘eviscerated” 
and functionally hepatectomized rat. The results (Table 8) show that considerable 
citrate accumulations were found in kidney and heart. It follows that citrate accumula- 
tions in vivo are not entirely dependent upon liver activity. However, survival time in 
these functionally hepatectomized rats was not affected by FGA and the citrate. 


SUMMARY 

(1) 2-Deoxy-2-fluoro-pL-glyceraldehyde (FGA) is toxic to the mouse and rat, 
producing convulsions and accumulations of citrate, particularly in heart and kidney. 

(2) FGA is readily phosphorylated by glycerokinase, but has only a very small 
inhibitory effect upon glycolysis in brain. 

(3) With kidney particles respiring in the presence of fumarate, FGA inhibits respira- 
tion and at low levels causes citrate accumulation; but this accumulation is eliminated 
at higher levels. Evidence is produced that this phenomenon is due to a conversion of 
FGA to fluoroacetate and also to a compound which can inhibit an enzyme acting 
somewhere between malate and citrate. 

(4) With respiring brain particles, FGA inhibits respiration but does not affect 
citrate concentration, Evidence is produced that the inhibitory effect is due in part to 
a direct effect which FGA has in common with the several other aldehydes tested, in 
part to a respiratory inhibitor produced by the action of the particles upon the FGA. 

(5) It is concluded that the toxicity of FGA is due primarily to the conversion of at 
least part of it to fluoroacetate. 

(6) 2-Deoxy-2-fluoroglycerol was found to be toxic to the mouse though less so than 
FGA. It caused rises in the citric acid content of heart and kidney. 
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THE INCREASED TUMOUR-INHIBITORY EFFECT OF 
ENZYME-ACTIVATED NITROGEN MUSTARDS 


P. HeBBOoRN and J. F. DANIELLI 


Department of Zoology, King’s College, London 


Abstract—Studies have been made of the effect of acylation on various biological 


properties of the compounds NH, N(CH,CH,C]I), and HO N(CH, 


CH,Cl),. Acylation decreases the toxicity of the compounds to rats. The selective toxicity 
of the acylated derivatives for Walker sarcoma 256 may be strikingly higher or lower 
than that of the parent compounds. When the tumour contains an enzyme capable of 


splitting off the acyl group, selectivity is increased. When the tumour does not contain 


an appropriate enzyme, the selectivity is decreased 


THE success of non-humoral chemical agents in the therapy of neoplastic disease, 
generally speaking, has depended on their cytotoxic effect being greater towards 
dividing cells than towards normal, non-dividing cells. The tissues which are more 
susceptible to damage by these agents are usually those which possess a high mitotic 


index, e.g. malignant tissues, the haematopoietic system, the generative organs and 


the skin. The most striking instances of favourable clinical responses to chemothera- 


peutic agents are apparent with leukaemias. Similar treatment of many other malignant 


growths is unsuccessful, possibly since the dosage level has to be restricted because of 


the non-specific action of the drug on other tissues. 

Theoretically, the selectivity of a drug can be increased by increasing the number of 
variables on which the drug depends for its activity.' The anti-mitotic effect of nitro- 
gen mustards is dependent upon the ionization of the terminal halogen atoms to form 
carbonium ions. The substitution of electron-attracting groups into the molecule 
reduces the ionization rate, rendering the mustard inactive to an extent dependent 
upon the substituent groups. Administering the mustard in an inactive form will 
result in the mustard affecting only those tissues which are both able to activate the 
drug by enzyme action and which possess a high mitotic index. Thus the action of 
drugs of this type depends upon at least two variables. 

The parent substances used in this investigation were I (N-N-di-(2-chloroethyl)- 
p-phenylenediamine) and I] (N-N-di-(2-chloroethyl)-p-aminophenol). 


NH.< 


OH (CH,CH,Cl), 


The derivatives were obtained by substituting groups into the terminal amino- and 
phenolic groups. A comparative study of the effect of the parent mustards and their 
derivatives on the host and tumour was undertaken: it was also necessary to determine 
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whether there was a correlation between the drug action and the presence or absence 


of an activating enzyme in the tumour. 


EXPERIMENTAI 

The drugs were tested against the Walker carcinoma 256 growing subcutaneously 
in Wistar strain albino rats. The rats were bred on the premises and fed on a standard 
pellet diet consisting of No. 41 rat cubes (London Flour Co.) supplemented with 
cabbage and tap water ad libitum. The tumour, obtained from the ChesterBeatty 
Research Institute, was transplanted according to the technique of Haddow, as 
described by Walpole.* 

Therapy was begun on rats bearing a small, well-established tumour (about 5 g 
wet weight), and consisted of daily intramuscular injections of a fraction of the median 
lethal dose for up to eight days. The effect on the tumour was deduced from changes in 
volume, calculated from the length measurement and two measurements taken at 
right angles to the long axis of the tumour. A comparison of the calculated tumour 
volume with the volume of water displaced by excised tumours indicated that the 
two estimations were directly proportional for all sizes of the tumour studied and that 
this method was reliable for estimating the progressive effect of a course of injections 


on tumour growth. 

The main side effects of the drugs were noted throughout each course of injections. 
These were a progressive weight loss, diarrhoea which was occasionally haemorrhagic, 
an erythematous condition of the nostril, muzzle and Harderian gland region, a 
urinary upset, weakness, laboured breathing and coldness of the body and extremitics. 
An investigation of the enzymes which would catalyse the hydrolysis of the substituent 
groups from the parent mustards was conducted on a quantitative basis using model 


substrates; qualitative confirmation of these results was obtained using the mustard 
derivatives as substrates. On the assumption that the specificity of the enzymes con- 
cerned was low (at the most a group specificity) the model substrates were derived 
from aniline and 8-napthol for the two series investigated. The amount of aniline 
liberated from a substrate in the presence of a tissue homogenate was estimated 
colorimetrically after diazotization and coupling with a sulphonated naphthol to 
produce a water soluble dye. 8-Naphthol was estimated colorimetrically after coupling 
with a stabilized diazonium compound under standard alkaline conditions and ex- 
tracting into a chloroform—alcohol solution. The parent drug (compound I, table 1) was 
estimated colorimetrically using a modification of the “Nadi” oxidation reaction.® 
The compounds used were described by Ross, Warwick and Roberts‘ and by Benn and 
Owen.® 
RESULTS 

The results are summarized in Table 1. The figures in column two are the median 
lethal doses as a measure of toxicity. A course of injections at the dosage levels stated 
in column three affected the tumour growth and the rat to an extent indicated in 
columns five, six and seven respectively. 

The effect of the drugs on tumour growth is indicated graphically in Fig. 1. This 
was either negligible (when the growth rate was comparable with that of a normal 
untreated tumour (N)), a slowing down of the growth rate (S), a partial regression 
with subsequent recovery of the normal growth rate (PR) or a complete regression of 
the tumour (CR). 
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The symptoms of intoxication were broadly similar for all the drugs except VI, 
where symptoms of monofluoracetate poisoning developed. The ratio of severity of 
the symptoms differed with each drug. 


Time, days 


Fic. 1. Diagram to illustrate classification of results. Tumour weight is plotted against time in days 

from commencement of treatment. Drug administration was usually over four to ten days, daily 

from the time the implant reached a weight of about 5 gm. N = normal growth, S slowing in 
growth rate, PR partial regression, CR = complete regression 


The level of activity of the enzymes capable of removing the inactivating groups 


from the derivatives is indicated in column four for three rat tissues. 


DISCUSSION 

Ross* has shown that substituted derivatives of N,N-bis-(2-chloroethyl) aniline 
which had a hydrolysis rate greater than about 20 per cent by his standard method 
were active as tumour growth inhibitors, whereas substances with a hydrolysis rate 
less than 20 per cent were inactive. The results expressed in Table 2 indicate that there 
is no correlation between spontaneous hydrolysis rate in water and action upon the 
tumour for the drugs used in this investigation. However, the derivatives used by 
Ross did not depend upon enzymic activation for their antimitotic activity.* 

The substituent groups in drugs V, VI, VII, XII, XIII and XIV have reduced the 
hydrolysis rate to a considerable extent whereas drugs II], 1V, VIII, IX and X have a 
moderately reduced hydrolysis rate. The drugs in the first group were active as tumour 
growth inhibitors although their hydrolysis rates were less than 20 per cent. Thus 
activation must have occurred in vivo: this is correlated with a significant amount of 
“activating” enzyme in the tumour cells. The drugs in the second group are sufficiently 
reactive chemically to exert an antimitotic effect without hydrolysis. However, drug 
IV, with a hydrolysis rate of 40 per cent is not active whilst drug III, with a hydrolysis 
rate of 42 per cent is active. IIlis capable of activation by the tumour whereas IV is not. 
Physico-chemical characteristics, e.g. molecular size and oil/water solubility which 
affect the ability of the molecule to penetrate the cell membrane are not the primary 
cause of the inertness of IV since there is a close physical similarity between IV and 
XIV (which ts active). On the other hand, there is a complete correlation between the 
presence of an activating enzyme in the tumour and the inhibitory action of the drugs. 
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It is concluded that some degree of enzymic activation is necessary for this group of 
drugs to exert an anti-tumour effect. 

We have not been able to obtain evidence in vitro of enzymic activation of VIII, 
1X and X by tumour tissue in vitro. Their hydrolysis rates are sufficiently high to allow 
for their anti-tumour effect but it is possible that the derivatives are activated in vivo 
(cf. IX with the in vivo hydrolysis of p-iodophenylurethane resulting in methaeo- 
globinaemia).* 


TABLE 2. 


Drug Per cent Effect Activating 


; R (CH,CH,C]), hydrolysis on enzyme in 
4 rate tumour tumour 
4 Amine series 
I NH,R 100 
CH,CO.NH—R 42 
IV. C,H,CO.NH—R 40 
3 V CCl,CO.NH—R 13 
; VI. CH,F.CO.NH—R 19 
CF,CO.NH—R 7 
Vill NH,CO.NH—R 44 
IX CO,Et.NH—R 31 
X £8-D-glucosyl—NH—R 55 
XI Tetracetyl-8-D-glucosy|I— NH—R - 


XII R’—N=N—R <1 


Phenol series 


Il OH—R 60 
XIII CH,COO—R 15 
XIV C,H,COO—R 15 


The increased anti-tumour effect of the derivatives compared with the parent mus- 
tards may be due in part to the following considerations. 

As the derivatives were administered in oily solution the rate of absorbtion from the 
injection site would be slower than that of I which was administered in aqueous 
solution. Consequently, the time during which a single dose was effective would be 
increased in the case of the derivatives. Also, since cells are more permeable to mole- 
cules in the unionized state, the lowered tendency of the derivatives to ionize would 
facilitate an easier penetration into the cells. It is possible that the substituent groups in 
VIII, IX, X and XI endow the molecule with the capacity for incorporation into an 
active transport mechanism into the cell.'° 

It is apparent that the selectivity for tumour cells is increased when I and II are con- 
verted into derivatives from which the parent substances can be released by enzyme 
action. If, instead of the simple inactivating groups used here, groups which are im- 
portant in protein and nucleic acid synthesis are used to inactivate the drugs it is 
expected that a greater specificity of action towards tumour cells would result, since 
this may result in utilization of the high rates of active transport associated with 


tumour cells. 
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THE REACTIVITY OF RADIOMIMETIC COMPOUNDS* II 


SITES OF REACTION OF NITROGEN MUSTARDS, EPOXIDES, METHANE 
SULPHONIC ACID ESTERS AND AN ETHYLENEIMINE WITH BOVINE 
SERUM ALBUMIN. 


P. ALEXANDER and SHEILA F. COUSENS 


The Chester Beatty Research Institute, Institute of Cancer Research, 
The Royal Cancer Hospital, London, S.W.3 


Abstract—Bovine serum albumin has been treated with the following biologically 
active (radiomimetic) alkylating agents; nitrogen mustards, epoxides, esters of methane 
sulphonic acid and an ethyleneimine. The extent of reaction with the different reactive 
side chains of the protein has been determined; all the agents esterify carboxy! groups 
and react with histidine although in every case only a fraction were accessible to the 
reagent. Combination with amino groups was only appreciable with the epoxides and 
none of the reagents reacted with tyrosine 

The most reactive groups towards all the alkylating agents were the —SH groups 
in denatured egg albumin. In the native protein these were not available for reaction. 


SUBSTANCES which are mutagenic, carcinogenic and produce mitotic inhibition and 
true chromosome breaks, are called radiomimetic because they evoke the same end- 
effects in cells as do ionizing radiations. The usefulness of such compounds to cellular 
pharmacology was predicted by Peters' in 1947 and amply confirmed by their applica- 
tion to cancer research and chemotherapy. The most active compounds in this class 
of substances contain two or more groups which are capable of alkylating electro- 
philic centres under physiological conditions. The alkylating agents may be activated 
chlorethyl groups as in mustard gas (S(CH,CH,Cl),) or in the nitrogen mustards 

CH, 
(<N-CH,CH,Cl), epoxides (—CH—CH,), ethylene imines | —N< | or esters of 
CH, 


O 


methane sulphonic acid (—R-OSO,CH,). In view of the enormous variation in the 
chemical structure of this type of biologically active agent it seems certain that they 
exercise their action by alkylating vital molecules in the cell. As they are capable of 
combining with a large number of sites a high proportion of the drugs is likely to be 
wasted in trivial reactions and it may not be possible to determine their mode of 
action by following their fate in the cell. Since the most potent compounds are active 
at | mg/kg or less it is clear that the “target” molecules they alkylate must play a very 
important role since only a few will be affected. Many enzymes for example are present 
in excess of requirement and alkylation of a few of these even if it led to their inactiva- 
tion would not produce radiomimetic effects. These considerations suggest that their 
most likely site of action is on the few enzyme systems which act as metabolic pace 
* Part I published in Biochem. J. 52, 177 (1952). 
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makers* because the number present in the cell is only just sufficient to maintain the 
metabolism or on the genetic material (nucleoprotein) where the loss of a single 
macro-molecular unit may be serious. 

For these reasons, we are studying the combination in vitro of a range of active 
substances with proteins, nucleic acids and nucleoproteins to see if by comparison some 
of the many possible reactions can be eliminated as biologically significant. On general 
chemical grounds one would expect that these alkylating substances will react readily 
in aqueous solution with unionized amino, and ionized acid groups. This has been 
fully confirmed with model substances (see review by Ross*), but only fragmentary 
data has been reported on the reaction of these substances with proteins (see review by 
Alexander‘). Most of the previous work was done with mustard gas, usually present 
in vast excess as a second phase at the bottom of the protein solutions. There is general 
agreement that the carboxyl groups are esterified by this substance but there is com- 
plete conflict about the alkylation of amino and imidazol groups® in protiens. At pH 
values in the neighbourhood of seven, reaction with sulphydryl groups was observed 
by Peters and Wakelin®, and by Banks, Bournsnell, Francis, Hopwood and Wormall’ 
but is limited in extent. This is to be expected since these groups will be almost wholly 
in the non-reactive —SH form. Bacqg* showed that as the pH was raised the number of 
SH groups blocked was increased presumably because more of the groups were in the 


S~ form which has a very high reactivity.* 

Much less is known about the reaction of the other alkylating agents with proteins 
(see e.g., Burnop, Francis, Richards and Wormall'®); for the nitrogen mustards there 
is Only the observation of Fruton, Stein and Bergmann" that amino groups were 
alkylated and no other measurements were recorded. With epoxides there is agreement 


about the reaction with amino and sulphydry!l groups" but evidence for esterification of 
carboxyl groups is ambiguous.’* Ethylene imine derivatives and the methane sulpho- 
nate esters were shown to combine with proteins by Alexander, Fox, Stacey and 
Smith,"* but the groups involved were not identified. 

The object of the present investigation was to study the reaction of representative, 
biologically active nitrogen mustards, epoxides, ethylene imines and methane sul- 
phonic acid esters with bovine serum albumin (abbreviated to BSA) under identical 
conditions so as to determine the similarities and differences of these various reagents, 
all of which produce very similar biological effects. 


EXPERIMENTAL 

Materials 

Crystalline bovine serum albumin (BSA) and crystalline egg albumin obtained from 
Messrs. Armour Laboratories, were used in these studies. The various polyfunctional 
radiomimetic agents used are listed in Table | and are all biologically active (i.e. 
exhibit radiomimetic properties). In almost every case a similar monofunctional 
compound was also examined since the much higher activity of the poly functional sub- 
stances is one of the most interesting features of radiomimetic agents. The aromatic 
nitrogen mustard derivative of phenylbutyric acid (Compound 3, in Table 1) was 
included because of its very great biological activity’ and the methane sulphonic acid 
esters (Compounds 9 and 10 were included because they behaved biologically some- 
what differently from the widely studied “Myleran” (Compound 8)."* All these sub- 
stances were prepared in the organic chemistry department of this Institute under the 
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TABLE 1. 


. Methyl di-2-chloroethylamine (HN2) (CICH,CH,),NCH, 
Diethyl-2-chloroethylamine (CICH,CH,)—N—(CH,CH,)2 


phenyl butyric acid (CICH,CH,),—N “CH,CH,CH,COOH 


. Di-(2: 3-epoxypropyl) ether CH,—CH—CH,—O—CH,CH—CH, 
O O 
. 1: 2-3: 4-Diepoxybutane CH,—CH—CH—CH, 
O O 
Propylene oxide CH,—CH—CH, 
O 
. Methane sulphonyloxy ethane CH,—CH,—OSO,CH, 
. 1: 3-dimethane sulphonyloxy propane CH,SO,0(CH,),—OSO,CH, 
2: 5-dimethane sulphonyloxy hexane CH,SO,0(CH,)C—(CH,),C—(CH,)OSO,CH, 
. I-chloro-2-methane sulphonyloxy CH,SO,0—CH,CH,C! 


ethane 


N’N’'N” Triethyleneiminophosphor- CH, 
amide (TEPA) | 


N}—P=o 
3 


CH, 


supervision of Dr. Ross and Messrs. Everett and Timmis, to whom we are indebted for 
making these compounds available to us. 


Treatment of proteins 

A 3 per cent solution of crystallized bovine serum albumin (BSA) in 0-5M sodium 
bicarbonate was made 0-12M with respect to the other bifunctional reagents used; 
monofunctional reagents were used at concentrations of 0-24M. The solutions were 
allowed to react in a thermostat at 37°C. until more than 75 per cent of the compound 
had combined with the protein or hydrolysed by the solvent. The methane sulphonyl- 
oxy esters and epoxides were allowed to react for 6 days, and the nitrogen mustards 
for 36 hr. After reaction, the solutions were dialysed to free them of hydrolysed and 
unreacted reagent and bicarbonate and then diluted to give a 1-8 per cent solution 
of treated protein. These solutions were then ready to be used, and the exact concentra- 
tion of the solutions was determined by evaporating the solutions to dryness at 110°C. 

The concentrations and ratios of proteins to reagent were selected after some pre- 
liminary experiments had been carried out. For purposes of comparison it was de- 
sirable always to maintain the same ratio of protein to reagent; a few trial experiments 
showed that increased ratios of reagent to protein or at concentrations of BSA greater 
than 3 per cent precipitation of protein was liable to occur during either the reaction 
or the dialysis, particularly when the reaction was with an epoxide or methane 
sulphonate. 

A high ratio of reagent to protein was used in order to facilitate the measurement of 
changes in the protein produced by the reaction. A 0-12M solution of a bifunctional 
reagent gives an approximately four-fold excess over the concentration required for 
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complete reaction with all the functional groups of the protein assuming that all 
the reaction was with the BSA and none of the material hydrolysed. 


Analysis of treated proteins 

Esterification of carboxyl groups. The number of free carboxyl groups, side-chain as 
well as terminal, was determined from the titration curve which was obtained with a 
glass electrode by adding 0-1N HCI or 0-IN NaOH to 5 ml of a 1-8 per cent solution 
of the protein in 1M KCI. The solution was stirred by bubbling nitrogen through it and 
foaming was prevented by adding one drop of capryl alcohol to the solution. The 
titration curve was fully reversible. 

The amount of free acid or base present at a given pH was deduced as follows. A 
“blank” titration was performed on the same volume of 1M KCI without any protein 
present. The difference between the “blank” curve and the protein curve at any given 
PH then gives the amount of acid or base bound to the protein. This assumes that the 
activity of the ions is the same in the presence and absence of protein, a procedure 
which has been found reliable by other workers. 

The titration curves were plotted as moles of H* dissociated per 10° g of BSA. A 
typical curve is plotted in Fig. | showing results obtained from three different deter- 
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Fic. 1. Titration curve of bovine serum albumin at 20°C. Ionic strength 1. 


minations. The reproducibility is good in the acid and neutral parts of the curve, but 
begins to fail at alkaline pHs. 

From the pX values for the different ionizing groups present in the protein it is 
possible to decide over what pH range a given type of group can be expected to 
titrate. The range from pH 2-5-5 was found to be a satisfactory one for the estimation 
of carboxyl groups.'’ Fig. 2 shows a typical set of curves for a number of treated 
proteins from which the extent of esterification was estimated. 
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In the case of the nitrogen mustards this technique could not be used since the amine 
group of the mustard titrates in the same pH range. The extent of esterifica- 
tion was determined by measuring the amount of mustard liberated by alkaline 


Moles H* dissociated/10°g BSA 


Fic. 2. Titration curve of bovine serum albumin treated with methane sulphonates. Ionic strength 1. 
BSA untreated. 
BSA treated with methane sulphonyloxyethane. 
BSA treated with | :3-dimethanesulphonyloxypropane. 
— BSA treated with 2:5-dimethanesulphonyloxy-hexane. 


hydrolysis since only the esters formed are likely to be hydrolysed and any product 
from reaction with other groups is unlikely to be affected. A solution of BSA treated 
with the “mustard”, p-(CICH,CH,).NC,H ,(CH,),COOH, was allowed to stand for 2 
hr at room temperature in 0-5M sodium hydroxide. The solution was then neutralised 
with hydrochloric acid and a 5 ml aliquot was dialysed against 25 ml of water. The 
u.v. absorption spectrum of the dialysate was measured after 16 and 72 hr dialysis. A 
control solution of untreated BSA was subjected to the same treatment, the spectra are 
plotted in Fig. 3. From the optical density of the dialysate it was possible to calculate 
how much mustard had been removed from the BSA by alkaline hydrolysis. 


Reaction with primary amino groups. The conventional van-Slyke method of deamina- 
tion with nitrous oxide was used to determine the total number of NH, groups. Un- 
treated albumin gave 87 moles of amino groups per 10° g of protein in agreement with 
the values of 86 and 87 reported by Tanford'’ and Tristram'* respectively. Reaction 
with the radiomimetic agents converts these amino groups into secondary or tertiary 
amines which do not liberate nitrogen on treatment with nitrous acid. 


Reaction with phenolic groups of tyrosine. The u.v. absorption spectrum of bovine 
serum albumin changes from a peak at 2790A at pH 7 to one at 2925A at pH 13 due 
to the ionization of the phenolic hydroxyl group of tyrosine. In the present work this 
change in spectrum has been used in an effort to discover whether the hydroxyl group 
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of tyrosine has reacted with the alkylating agents to form an ether linkage. If such a 
reaction takes place, ionization becomes impossible and the absorption spectrum at 
pH 13 would be the same as in neutral solution. 

The absorption spectrum of a 0-1 per cent solution of BSA was measured at pH 
7-8 and pH 13. The spectrum at pH 13 was measured immediately after making up 
the solution and again two hr later. A sample of BSA was methylated by extensive 
treatment with diazomethane, a process known to cause methylation of the phenoxyl 
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Fic. 3. Ultra-violet absorption spectrum of dialysate from a BSA solution after alkaline hydrolysis. 
Control BSA 
BSA treated with p-(CICH,CH,),NC,H,(CH,),COOH 


groups. The absorption spectrum of the methylated sample was measured at pH 7-9 
and at pH 13. There was no shift in the maximum of the peak showing that ionization 
of the tyrosine had become impossible. 

Similar experiments were carried out on the samples of BSA that had been treated 
with the alkylating agents. The absorption at pH 13 was measured immediately and 
after two hr. The change in absorption with pH was exactly the same as with untreated 
protein and it was concluded that noreaction had taken place with the phenolic groups. 


Reaction with imidazol group. The Pauly colour reaction using the modification of 
Weiss and Szabolew'* was used on the intact protein, the absorption being measured 
at 3500A. As tyrosine gives the same colour reaction, calibration curves were plotted 
for tyrosine and histidine, and then a similar curve was plotted for intact BSA. The 
colour developed with the intact protein agreed with the value obtained for a mixture 
of tyrosine and histidine at the concentrations at which they were present in the protein 
solution and it would appear from this that combination of the amino acids in the 
protein does not affect the amount of colour produced. A series of experiments was 
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carried out to compare the colour developed in the treated and untreated protein; 
solutions containg 6 mg of protein in 10 ml were used. From the change in colour the 
extent of reaction with the histidine was estimated. 


Reaction with sulphydryl groups. The number of SH groups was determined by 
titrating a 2 per cent solution of crystalline egg albumin before and after alkylation 
with methyl mercuric nitrate.’* In the native protein the —SH groups do not react with 
the reagent and it is necessary to denature it first by exposure to 4M guanidine hydro- 
chloride. 


Isolation of amino-acid derivatives. Alkylation of amino and imino groups should 
give products which are not decomposed under the conditions of protein hydrolysis. 
Such products were looked for by two-dimensional paper chromatography using the 
method described by Hardy, Holland and Nayler®® on hydrolysates obtained with 
0-2 per cent protein in 8N HCI for 24 hr at 110°C. in a sealed tube. HCI was removed by 
repeated drying in vacuo over pellets of NaOH. 


RESULTS 
The analytical results are summarised in Table 2. 


TABLE 2. GROUPS OF BOVINE SERUM ALBUMIN ALKYLATED 


Reduction Reduction Totalno. Percent Per cent change PH of 


in in of reduction in treated 
Treatment carboxyl primary groups in Pauly electrophoretic —_ protein 
groups amino alkylated colour mobility after 
groups dialysis 
(10° g (10° g (10° g (pH 8-6) (pH 4-3) 
protein) protein) protein) 


0 


Di-(2: 3 epoxypropyl) 


ether 33 40 95 77 18 190 6°6 
Propylene oxide 27 $2 97 77 18 115 70 
1: 2-3: 4-Diepoxy- 

butane 18 31 66 70 8 67 6-0 
Methane sulphonyloxy 

ethane 30 0 42 47 30 200 64 


: 3-Dimethane 
sulphonyloxy 
propane 38 0 48 42 30 190 71 
: 5-Dimethane 
sulphonyloxy 


te 


hexane 21 6 30 12 6 33 6°6 
Methy! di-2- Minimum 

chloroethylamine of 12* 14 28-56 y 76 300 ra 
Diethyl-2- 

chloroethylamine 0 25 5 60 230 76 


N’N’'N” Triethy- 
leneiminophosphor 


amide _ 0 22-66 0 12 150 62 
1-chloro-2-methane 
sulphohyloxyethane 12 3 15 l 6 33 69 


NN-di-2-chloroethyl- 
p-aminopheny| 
butyric acid 


* From hydrolysis data. 
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Electrophoretic mobility. The proteins were run for two hr on horizontal strips 
of paper, using an instrument made by the Shandon Scientific Company. 0-025M 
buffers at pH 8-6 (barbiturate buffer) and 4-3 (acetate buffer), were used and at 40 
V/cm a current of one mA/cm width of paper was passed. The papers were developed 
by the method of Flynn and DeMayo.** 


Esterification. The values obtained for the reduction in carboxyl groups from 
changes in the titration curve are unequivocal for the epoxides and methane sulpho- 
nates since reaction with any other groups would not affect the titration in the pH 
range from 2 to 5-5. 

In the titration curves of the nitrogen mustard treated BSA there is an increase in the 
total number of ionizing groups per g of protein. This is possible after combination 
with the nitrogen mustard has taken place, since the nitrogen atom of the combined 
mustard is itself capable of ionizing (the pKa of HN2 is 6-8). The introduction, by 
reaction, of another type of charged group into the protein makes interpretation of 
the titration curve difficult. If the nitrogen mustard has reacted with carboxyl groups, 
two effects are possible. Esterification of the carboxyl groups replaces one type of 
ionizable group by another, i.e. —COO~ by COO—CH,CH,—NRR’ so that the net 
change will be zero. If both arms of the bifunctional mustards react with carboxyl 
groups, two charges will be destroyed for the introduction of one. 


e.g. One-armed reaction No change in total number of 
ionizable groups. 
COO CICH,CH, —COOCH CH 


COO-  _CICH,CH, —Coo NR 


CH 


lwo-armed reaction One ionizable group lost 


COO CICH,CH, »}—COOCH,CH, 


NR 


COO-  CICH,CH, '\—COOCH,CH, 


If the nitrogen mustard reacts with imidazole or amino groups, there will be an in- 
crease of one in the number of ionizing groups, for every mustard molecule introduced. 

Inspection of the titration curves for the BSA treated with nitrogen mustards (Fig. 
4), shows little change in the range pH 2 to 5-5, indicating that there has been no very 
extensive reaction with carboxyl groups. Although the titration range of the mustard 
will overlap this pH range slightly, the bulk of it will titrate between pH 6 to 8, and 
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indeed the increase in the number of groups titrating between these limits confirms 
this. From the increase in the number of ionizing groups titrated, about 40 moles of 
HN2 have combined with the BSA and about twelve of these can be assumed to have 
reacted with carboxyl groups. For the aromatic nitrogen mustard a more accurate 


Moles H* dissociated/10°g BSA 
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Fic. 4. Titration curve of bovine’serum albumin“ treated,with"nitrogen mustards. 


— BSA untreated 


BSA treated with 
BSA treated with diethyl-2-chloroethylamine. 


3 
4 
5 


6 


Arginine. 


. Lysine. 


Aspartic acid. 
Glutamic acid. 
Cystine 
Alanine 
Histidine 


Serine. 


Valine. 
Methionine. 


. Phenylalamine. 
. Proline 


Threonine. 

Tyrosine. 

Glycine. 
Leucine. 

iso Leucine. 


estimate could be obtained by determining spectroscopically the amount of mustard 
released during alkaline hydrolysis. 


Alkylation of amino and imino groups.—The van Slyke nitrogen analysis gives the 
reduction in free amino groups derived from the side chains of lysine and the terminal 
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groups of the polypeptide chain. With the bifunctional reagents and in particular the 
nitrogen mustards™ bifunctional reaction giving rise to a cyclic tertiary amine (i.e. 

NH, -» —N<R) probably occurs but cannot be distinguished by van Slyke amino 
acid analysis from a single reaction which gives a secondary amine. The substituted 
amines formed are, of course, stable compounds and will not be decomposed under 
the conditions of the analysis 

Of the four classes of compounds examined, only the epoxides react extensively with 
amino groups. The values in the table are reproducible to + 2 groups/10° 2g of BSA, 
so that with the possible exception of HN2 reaction with all the other compounds ts 
marginal. Under the conditions of the reaction between BSA and the alky lating agents, 


reaction with amino groups is not favoured since a high proportion of the groups will 


be in the unreactive ionized form. The extensive reaction indicated with epoxides is 
anomalous in this respect. It was thought that pH 8 might slightly favour the reaction 
and so BSA was treated with di (2:3-epoxypropyl) ether at pH 6 where even fewer of 
the amino groups will be unionized, but the results were exactly the same as for those 
at pH 8 

Since no reaction could be detected with the phenolic hydroxyl groups of tyrosine 
the change in the intensity of the Pauly colour reaction could be interpreted as reaction 
with imidazole side-chains, but it may not reveal the full extent of reaction since it is 
not known how substitution at the imino group effects colour development. The 
values obtained are, therefore, the minimum and the true values may be higher. Two 
dimensional paper chromatography clearly showed up the loss in histidine content by 
a diminution in spot size and approximate estimation using this method would indicate 
that the amount of reaction with histidine is greater than that deduced from the change 
in the reduction in the Pauly reaction. After treatment with the epoxides the spot due 


Fic. 5. Chromatogram of hydrolysate of bovine serum albumin showing the following new spots 
after treatment with 
(CH,).N-CH, 
CHy N(CH,CH,CI), 
CH,—-CH—CH 


O 
(CH,—CH-CH,),O 
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to histidine had completely disappeared and there was an unambiguous reduction 
even with the nitrogen mustards. 

Fig. 5 summarises the new spots formed in the chromatograms of treated proteins. 
The fact that a stationary spot appears only in BSA treated with bifunctional reagents 
Suggests that a reaction had occurred in the protein, which after hydrolysis released 
two amino acids linked by the “alkyl bridge” of the bifunctional reagent. Unfor- 
tunately, it has not yet proved possible to identify the amino-acids involved, but in view 
of the reduction in the histidine spot it is probable that the stationary spot is formed 
either from two cross-linked histidine residues. or two lysine residues or a lysine 
histidine cross-link. The two new spots which appeared on the chromatograms of BSA 
hydrolysates treated with the monofunctional agents, could also be explained as 
modified amino-acids but again, no definite information about their nature has been 
obtained. 


Electrophoretic mobility. The results of the electrophoresis experiments show that, 
in general, the distance travelled by the protein at pH 8-6 has been reduced by the 
treatment, while at pH 4-3 it has been increased. Table 2 shows the change in the 
mobility of the treated samples expressed as a percentage of the mobility of untreated 
BSA. Included in the table are the pH values for the treated solutions after exhaustive 
dialysis, these values are an indication of the isoelectric point of the protein after 
treatment 

(a) Epoxides. The change in mass caused by the introduction of alkyl groups is quite 
small (it could not be detected by weighing), therefore the change in mobility can be 
attributed to a decrease in charge. The formation of intramolecular cross-links will 
not of itself alter the charge/mass ratio. This is borne out by the fact that the change in 
mobility is the same for both the mono-functional and bifunctional epoxides. At pH 
8-6 the untreated BSA is negatively charged and a decrease in the mobility due to a 
decrease in the excess negative charge, could be caused by esterification of carboxyl 
groups. Reaction between the epoxides and the amino groups of the protein could also 
cause a change in the net charge, by altering the pK of the amino groups and therefore 
the number of groups in the ionized state at pH 8-6. The experiments carried out at 
pH 4-3, show that the reaction with epoxides causes an increase in the mobility of the 
protein. Excluding changes in mass, this must be due to an increase in the net positive 
charge since at pH 4-3, any changes in the pX values of the amino groups by reaction 
will not affect the total number of positive charges because almost all the cationic 
groups will be ionized at this pH. Therefore the increase in net positive charge must 
be due to removal of carboxylate ions by esterification. 

(b) Methane sulphonates. The results of reaction with the methane sulphonates 
show a similar trend to those with the epoxides Again the migration decreased at pH 
8-6 and increased at pH 4-3, although 2:5-dimethane sulphonyloxy hexane did not 
affect the migration at all and the conclusion is that reaction has occurred with car- 
boxyl groups. 

(c) Nitrogen mustards and triethyleneiminophosphoramide. The nitrogen mustards 
affected the migration of BSA in the same way as the other classes of compounds, but 
to a much greater extent. The interpretation of these results is complicated by the 
introduction of the ionizable group in the mustard molecule. At pH 4-3 all the nitro- 
gen atoms introduced by reaction with the mustard will be ionized and this probably 
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accounts for the fact that HN2 treated BSA has such a greatly increased migration at 
this pH. At the higher pH, the effect of the mustard groups should be smaller because 
not all the groups will be ionized. Therefore, it seems reasonable to assume that at least 
part of the increase in migration is due to esterification of carboxyl groups. The effect 
of the triethyleneiminophosphoramide is similar to that of the other compounds 
and again indicates reaction with carboxyl groups. 

The general conclusion from the electrophoresis experiments is that reaction occurs 
between the carboxyl groups of BSA and each type of alkylating agent studied. The 
shift in the isoelectric point to more alkaline pH is also consistent with the reaction 
with carboxyl groups. These experiments do not give any information about reaction 
with amino-groups. Modification of the protein by alkylation causes a characteristic 
broadening of the bands and this shows most clearly on the electrophorograms ob- 
tained at pH 4-3, where part of the material has scarcely moved. It is well known that 
“tails” and this has been attributed to irre- 
versible adsorption of the albumin on the paper. A similar explanation may hold in 
these experiments. Alternatively, it is possible that the extent of reaction has not been 
the same for all the protein molecules thus making the treated samples less homo- 
geneous than the original BSA. No clear cut evidence for extensive cross-linking has 
been obtained from these experiments. 


the albumin fraction of complete serum 


Reaction with sulphydryl groups. Since there is less than one SH group per molecule 
of bovine serum albumin, ovalbumin was used to determine the reactivity of these 


groups. The results are summarised in Table 3 That there is little or no reaction with 


TABLE 3. REACTION OF ALKYLATING AGENTS WITH SH GROUPS IN EGG ALBUMIN 


Per cent SH groups reacted 
Alkylating agent 
Native protein Guanidine denatured 
protein 


NN-di-2-chloroethyl-»-p-amino 14 88 
pheny! butyric acid 

Methane sulphonyloxy ethane 0 55 

Propylene oxide 0 100 


the native protein is not surprising since these groups are not accessible even to specific 
sulphydryl reagents such as mercury compounds, except after denaturation. But once 
the groups have been revealed by treatment with 4 molar guanidine reaction is 
extensive. 


DISCUSSION 

All the different radiomimetic alkylating agents esterify the carboxyl groups and 
react with the imidazol side chains though to different extents. However, only the 
epoxides alkylated an appreciable proportion of the amino groups. This reaction is 
unexpected since the large majority of these groups will be present under the experi- 
mental conditions in the ionized and therefore non-reactive form. On the other hand, 
alkylation of the imidazol and carboxyl groups would be expected from nucleophilic 
reagents. The most reasonable explanation is that for epoxides the relative rate of 
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reaction with amino groups as compared with carboxyl ions is much greater than for 
the other alkylating agents. 

In all cases, the reaction with BSA has only resulted in approximately 50 per cent of 
the available groups being alkylated. (The number of groups available for reaction 
with mustards and methane sulphonates is smaller than for the epoxides if the amino 
groups are excluded.) This occurs in spite of the fact that the alkylating agents were 
present in excess, but is in accord with earlier work done with sulphur mustard. 
Probably more extensive reaction is prevented by the non-availability of some groups 
for steric reasons. 

The most reactive groups in the protein are the SH groups once they have been made 
sterically accessible although at pH 7-5 less than | in 1000 (pKa 10-8) will be in the 
reactive —S~ form. Their very high reactivity which was defined in terms of a com- 
petition factor by Ogston® makes it possible for alkylation to occur relatively rapidly 
even at pH 7. However, there are many reasons for believing that the biological activity 
of the radiomimetic agents is not due to their reaction with SH groups.*:* Thus many 
reagents which combine readily with —SH groups both in vivo and in vitro are not 
radiomimetic. Recently, Roberts and Warwick™ showed that ethyl methane sulphon- 
ate combined with low molecular weight SH groups in vivo and this reaction could be 
considered as a detoxification since the alkylating agent is thereby lost in a trivial 
reaction. Similarly, Hendry, Rose and Walpole™ suggested that alkylation of amino 
groups was unlikely to be the significant reaction of the biologically active alkylating 
agents because many substances capable of reacting with amine under physiological 
conditions were not radiomimetic. This conclusion is supported by the present studies 


which show that a high reactivity for amine groups in protein is only shown by epox- 


ides and not by other substances having the same biological properties. 

The unique feature of the radiomimetic agents seems to be their ability to esterify 
anions under mild conditions but it seems more likely that the site of action is the 
phosphate group of the nucleic acids than the carboxyl group of proteins.*:** 
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THE EFFECTS OF MYLERAN (1:4-DIMETHANESUL- 
PHONYLOXYBUTANE) AND HOMOLOGOUS COMPOUNDS 
ON THE BLOOD 


L. A. ELSON 
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Abstract—The effects of Myleran (1 :4-dimethanesulphonyloxybutane) and a series of 
homologous compounds on the chief types of blood cells in the rat have been investigated. 

It is possible to give a dose of Myleran which will cause a considerable fall in 
neutrophils without appreciable effect on red cells or lymphocytes. 

The effect on the blood of the normal rat appears to give a sufficient indication 
of the clinical behaviour of Myleran in myeloid leukemia to suggest that it may be a 
useful guide in the elaboration of new compounds for treatment of this disease 

The depressing effect on the neutrophils shown by Myleran and other members of 
the series may be greater in rats maintained on a low protein diet than in animals 
maintained on a normal or high protein diet. 

The toxic effects of this series of components appear to be related almost entirely 
to the blood changes resulting from effects on the myeloid series. After a fatal 'dose 
the animals show a general haemorrhagic state with thrombocytopenia from about 
the 8th day and death occurs at about the 10th to 12th day as a result of anaemia 
following a massive haemorrhage usually in the stomach. 

Myleran is the most active member of the series in causing a fall in blood neutro- 
phils and also shows the greatest selectivity of action in producing a much greater relative 
depression of neutrophils than of lymphocytes. 


MYLERAN,* the clinical use of which was first described by Galton, has now become an 
established drug for the treatment of chronic myeloid leukaemia, and the results of 
Myleran therapy on this disease have recently been reviewed. 

In a brief account of the discovery and development of this drug* it was pointed out 
that the biological action of the series of dimethanesulphonyloxyalkanes CH,-SO,-O— 
(CH,),—O-SO,-CH, (Myleran is the member in which n = 4) might resemble that of 
nitrogen mustard derivatives R—N (CH,-CH,°Cl), since chemically both types of 
compounds can act as difunctional alkylating agents. The chemistry and chemical 
reactivity of the Myleran series of compounds in relation to their biological action is 
discussed by Hudson, Timmis and Marshall.‘ 

Myleran was selected for clinical trial in cases of advanced malignant disease 
because of its inhibitory action on the growth of animal tumours particularly Walker 
rat-carcinoma 256, and because of its depressant action on the number of circulating 
neutrophils in the blood, clinical trials were concentrated on cases of chronic myeloid 
leukaemia. In therapeutic doses Myleran was found to depress myelopoiesis without 
seriously affecting other haemopoietic elements and the response of most patients was 
comparable with the best results of radiotherapy.? 

Since many of the biological effects of the nitrogen mustards and other alkylating 


*Approved name (British Pharmacopoeia Commission 1958) Busulphan. 
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agents resemble those induced by X-radiation these compounds have been described 
as “radiomimetic’’. In an investigation of the comparative physiological response to 
radiation, to Myleran, and to an aromatic nitrogen mustard derivative chlorambucil 
COOH (CH,)s°C,H,-N(CH,CH.Cl), it has been found that whilst chlorambucil 
reproduces predominantly the lymphoid effects of radiation Myleran is rather more 
selective and produces mainly the myeloid and haemorrhagic effects. The complete 
effects of X-radiation can be imitated very closely by a combined treatment with 
Myleran and 

Pharmacological and toxic properties of the series of dimethanesulphonyloxyalkanes 
in which n has been varied from 2 to 10 have now been investigated. These proper- 
ties were found to be very closely related to their effects on the circulating blood and 
on the haemopoietic system. 


EXPERIMENTAL 
Vethods 

Animals. Wistar albino rats were used. They were kept in individual cages, and 
maintained on a constant diet, either “rat cake” of about 20 per cent protein content or 
a special diet of about 5 per cent protein content. 

Preparations for injection. Since the compounds of this series are only very sparingly 
soluble in water, dispersions in arachis oil were used. These were prepared by 
thorough grinding of the compound with the oil. In order to obtain consistent results 
it is important that a fine dispersion should be used. In our preparations the size of the 
majority of the particles was about 10. The compounds were administered by intra- 
peritoneal injection 

Preparations for oral administration. These were made by grinding the Myleran 
with Compound Powder of Tragacanth B.P.* with addition of water. A typical 
preparation consisted of Myleran 2 mg, Compound Powder Tragacanth 40 mg 
water | ml 

Blood counts. Blood was taken from a tail vein direct into the pipette in which it 
was diluted in the usual way. For differential counts the blood films were stained by 
Leishman’s method 


Results 

Blood counts. The average normal count for the three main types of blood cells 
in the rats of our colony (mean of 75 animals maintained on a 20 per cent protein 
diet) is erythrocytes 9,200,000/mm* (range 8,000,000 to 10,500,000): lymphocytes 
15,000/mm* (range 10,000 to 26,000): neutrophils 3700/mm* (range 1500 to 5000). The 
lymphocyte/neutrophil ratio is about 75:25 which is the reverse of the human pattern. 

Fig. | shows the blood response to Myleran in adult rats (over 200 g in weight) 
maintained on high and low protein diets. A 75 per cent fall in neutrophils was ob- 
tained with a dose of Myleran of 8 mg/kg in the 20 per cent protein diet rats and a 
90 per cent fall in the 5 per cent protein diet group. In the low protein diet animals 
the neutrophils remained at a low level for a considerable time and thirty days after 
the injection had only returned to about half their normal value. There was also some 
effect on the red cells in these low protein diet animals but the lymphocytes showed 


* Tragacanth 1-5 parts, acacia 2-0 parts, maize starch 2 parts, sucrose 4-5 parts. 
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Myleran (8 mg/kg) “| Myleran (8 mg/kg) 
20"/._protein diet “le protein diet 


Red celis (mm*x10°) 


Lymphocytes/mm? 


E 

£ 

Oo 5 0 1 20 25 30 5 20 25 30 

Days 
Fic. |. Effects of Myleran on the blood in adult rats maintained on high and low protein diets 


little divergence from the values in normal rats and very little difference from the 
behaviour in the high protein diet animals. (In view of the large variations in lympho- 


cyte count which occur in normal rats a fall of up to 40 per cent is barely significant). 


This marked effect of low protein diet in increasing the response of neutrophils was 


6000, 


4 


Neutrophils 


oO 24 6 8 © 12 14 16 18 20 
Days after injection 


Fic. 2. Effects of high and low protein diets on the response of neutrophils to CH,°SO,-0(CH,), 
‘OSO,CHs. (Dose 80 mg/kg i.p.: adult rats). Mean values for groups of five animals. 
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also found with other members of the dimethanesulphonyloxyalkane series of com- 
pounds, the very marked effect in the case of the compound where n = 8 being shown 
in Fig. 2. Here again the neutrophils reach a lower absolute value in the low protein 
diet animals and return to normal is much slower. 

In comparing the activities of a series of compounds therefore it is important that 
the weights of the animals should be fairly uniform and that they should all be main- 
tained on the same diet. The response of adult animals maintained on a low protein 
dict may prove a more reliable guide for clinical applications of these compounds 
than the response of young rapidly growing animals 

In Table | are given the effects of the series of compounds (n = 2 to 10) upon the 


Taste |. Errect or series CH,-SO,O (CH,),—-O-SO,CH, UPON CIRCULATING 
NEUTROPHILS IN THE RAT 


S per cent protein dict 20 per cent protein dict 


Per cent fa Per cent fall 
Dose (d) mn Dose (d) in 
(me kg) neutrophils ‘ img kg) neutrophils 
from normal from normal 


iF) (Ff) 


0 

SO 

70 

(Mvyleran) 

60 

40 

SO 

40 

0 


circulating neutrophils. The substances have been compared in rats maintained on our 


usual “rat cake” diet, containing about 20 per cent protein diet. There is no doubt of 


the outstanding activity of Myleran (n 4) in depressing the circulating neutrophils 
in animals maintained on both diets. The next higher member of the series (n 5) 
shows an activity approaching that of Myleran but all the other members are con- 
siderably less active 

The high activity of these two compounds (n — 4 and n — §) compared to that of the 
other members of the series is reflected in their effect in inhibiting growth of the 
Walker rat carcinoma 256,* and in their induction of haemorrhagic state and fatal 
haemorrhage 

The relative selectivity of action of Myleran in depressing neutrophils and platelets 
more than lymphocytes is also observed with the other members of the dimethane- 
sulphonyloxyalkanes. Although at doses near to or above the toxic dose, marked 
effects on lymphocytes and on lymphoid tissue can be obtained. at doses of the order 
of half the toxic dose or less all show preferential depressive action on the neutrophils. 
Table 2 shows the relative neutrophil lymphocyte depressive action in the series of 
compounds from n 3to vn 8. The figures are approximate mean values usually 
from several experiments in each of which at least four animals were used. The most 
selective action on neutrophils (highest N/L ratio) is given by Myleran which even at 
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TABLE 2. RELATIVE EFFECTS OF SERIES CH,-SO,-O—(CH,),—O-SO,°CH, UPON BLOOD 
LYMPHOCYTES AND NEUTROPHILS IN THE RAT 


Per cent fall in Per cent fall in 

Dose neutrophils lymphocytes 

(mg kg) from normal from normal 
(L) 


rl> 


3 40 

4 
(Myleran) < 12-5 
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the highest doses still shows about three times as much effect on neutrophils as on 
lymphocytes. 


Toxicity. The delayed toxic effects of Myleran and other members of this series of 
compounds can be related almost entirely to their effects on the blood. In rats given a 
lethal dose of Myleran (20 mg/kg i.p.) apart from some inhibition of growth, little 
other effect is seen for at least a week. The animals then begin to show signs of a general 
haemorrhagic state and begin to lose weight fairly rapidly until death occurs, usually 
between the tenth and twelfth day after injection of Myleran (Fig. 3). The immediate 
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Fic. 3. Toxicity of Myleran in albino rats. Death occurs between the 10th and 12th day after a dose 
of 20 mg kg (i.p.). All the animals in the group show a general haemorrhagic state from about the 
8th day, and death is usually associated with a massive haemorrhage in the stomach. 


cause of death is probably a massive haemorrhage which usually occurs in the stomach. 
The blood picture in a rat given a fatal dose of Myleran is illustrated in Fig. 4. The 
red cells show very little change until a major haemorrhage occurs when a sudden fall 
takes place, in this case about eight days after the injection of Myleran. There is some 
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fall in lymphocytes but this is considerably less than for the other blood cells. The main 
effect is on the neutrophils which drop steadily and practically disappear after about 
seven days. The platelets also disappear at about the same time coincident with the 
development of the haemorrhagic state. 

At post-mortem examination multiple focal haemorrhages are seen in almost all 
organs, particularly skin, gastro-intestinal tract, lungs, brain, testes, etc. Lymph nodes 
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Fic. 4. Blood changes in a rat treated with a lethal dose of Myleran. 


show some focal haemorrhage but the general appearances are more like the massive 
haemolymph changes seen in animals treated with carcinogenic substances.*+*.!° The 
bone marrow is usually extremely pale with considerable destruction of haemopoietic 
tissue and is infiltrated with mast cells, lymphocytes and reticulum cells. 

With sub-lethal doses of Myleran and related compounds after about eight to ten 
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days the haemorrhagic state can be easily demonstrated by plucking the fur from a 
small area on the chest of the animal, when a number of petichial haemorrhages ap- 
pear almost immediately. 

The toxicity of Myleran when given orally (by stomach tube) appears to be very 
nearly the same as when given by the intraperitoneal route. A single dose of 20 mg/kg 
caused death from haemorrhage of six out of eight rats at twelve to seventeen days 
after administration, and the surviving two rats suffered severe weight loss from about 
the 12th to 20th day, but subsequently recovered. 

The whole series of compounds with values of n from 2 to 10 shows the same type 
of specific toxic action. Fig. 5 shows the variation in the toxic dose and in the dose 


3 4 6 
No of carbon atoms in chain(n) 


Fic. 5. Toxic dose (causing death in 80-100 per cent of the rats) 3 in relation to dose causing 50- 


80 per cent fall in blood neutrophils ||, in the series of compounds CH,SO,-O-(CH,),,O'SO,CH, 


as the value of n is increased from 3 to 8. 


causing 50-80 per cent fall in blood neutrophils as the value of ” is increased from 3 to 
8, and provides some guide in selecting the most efficient neutrophil depressing com- 
pound for clinical trial. It must be remembered however that leukaemic cells, particu- 
larly immature neutrophils occuring in the blood in myeloid leukaemia are much more 
sensitive to the drug than the normal neutrophils so that it can be regarded as no more 
than a rough indication in selecting a compound with the most favourable thera- 
peutic index. It is seen however that 1:4-dimethanesulphonyloxybutane (n 4) 
(Myleran) as well as having the most selective action on the neutrophils (highest 
N/L ratio: Table 2) is also one of the best candidates in this respect. 

The toxic dose, defined as the dose producing fatal haemorrhage in more than 80 
per cent of the animals treated, decreases rapidly from the first member of the series 
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(n = 2: not shown in Fig. 5), where a dose of more than 200 mg/kg is necessary to 
produce a fatal effect to Myleran (n = 4) where only 20 mg/kg is fatal. Thus Myleran 
is the most toxic member of the series and also the most active in producing neutrophil 
depression. As the number of carbon atoms 7 increases from 4 to 10 the toxic dose 
also increases following a practically linear relation to the last member investigated 
n = 10 which requires over 300 mg/kg for a fatal dose. 


DISCUSSION 

In spite of the difference in pattern of blood counts in the rat compared with the 
human pattern the effect of Myleran on the blood of the normal rat does appear to 
give a reasonable indication of its behaviour in clinical treatment of myeloid leu- 
kaemia.':? The use of normal rats, especially of adult animals maintained on a low 
protein diet, should be of considerable assistance in evaluation of compounds for 
treatment of leukaemia 

Haddow and Timmis* discussing the chemical investigations which led to the dis- 
covery of Myleran pointed out that substances of this series might by reason of sim- 
plicity of structure be expected to show an advantage over the nitrogen mustards 
(e.g. CH,-N (CH,-CH,Cl), in presenting a less complex pharmacological picture. In 
accordance with this idea a particular feature of the Myleran series of compounds is 
their relatively selective action on the neutrophils. Thus it is possible to choose a dose 
of Myleran which will cause a considerable fall in neutrophils without any appreciable 
effect on red cells or lymphocytes. This cannot be achieved by whole body radiation 
Or nitrogen mustards since these always show a greater effect on lymphocytes than 
on neutrophils."'"? This selective action of Myleran in particular is reflected in its 
rather specific toxicity. Its toxic action is associated closely with the blood changes 
resulting from effects on the myeloid series and is characterised by lack of other less 
specific toxic effects. This lack of undesirable side effects which often accompany 
treatment with nitrogen mustards etc.” is a very important clinical feature of Myleran. 

Myleran is the most active member of the whole series of compounds described in 
the present investigation in depressing the number of circulating neutrophils. It also 
shows the greatest selectivity of action in that it has relatively much less effect on blood 
lymphocytes than on neutrophils. This peak of activity appears to be in some way 
associated with the length of the chain of —CH,— groups separating the two mesyl 
groups, and in a series of dimethyl myleran derivatives 


(CH,SO,-0-CH 
CH, 


(CH,),—CH—O-SO,CH,) 


CH, 


at present being investigated the highest activity is again found in the member with 
the 4 carbon chain separating the mesyl groups."* The possible relation of this activity 
to the physical chemical properties of the series, water and fat solubility etc. is dis- 
cussed by Hudson, Timmis and Marshall.‘ 
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A PHYSICO-CHEMICAL INVESTIGATION INTO THE 
BIOLOGICAL ACTION OF MYLERAN AND RELATED 
SULPHONIC ACID ESTERS 


Hupson,.* G. M. Timmist and R. D. MARSHALL* 


Abstract—The physical chemistry of Myleran (1: 4-dimethanesulphonoxybutane) and 
related sulphonic acid esters has been investigated in an attempt to throw light on 
the mechanism of their biological action. Hypotheses which might explain the gradations 
of activity in the a, w-dimethanesulphonoxyalkane series are examined. Differences 


between the reaction mechanism of these sulphonic acid esters and of nitrogen mustards, 


with nucleophilic centres related to those in nucleic acid and protein, are discussed. 


The synthesis of the compounds used is described. 


INTRODUCTION 

Tue chemistry and biological action of the bifunctional alkylating agents has been well 
reviewed, see for example Ross! and there can be little doubt that the biological action 
of the mustards, epoxides, ethylene-imines and sulphonic acid esters is very closely 
related to their ability to alkylate at important sites in the body. There is, however, 
clinical evidence* that Myleran (Fig. 3, n 4), an example of the sulphonic acid 
esters, differs from the mustards and the ethylene-imines in that at effective doses in 
the treatment of chronic myeloid leukaemia it is usually without side effects in contra- 
distinction to the other two types when they are used in leukaemia, principally of the 
lymphocytic type. Also in experimental animals a marked difference was shown 
between Myleran and a clinically effective mustard, Chlorambucil (N,N-di-(2- 
chloroethyl)-p-aminophenylbutyric acid), especially in that the former depressed 
mainly the myelocytes and the latter chiefly the lymphocytes, in the rat peripheral 
blood.* 

A detailed physico-chemical study has therefore been made of the mechanism of 
alkylation by Myleran and related compounds in an attempt to reveal differences 
that might exist between it and the mustards. 

The sites of biological action now believed to be significant are in nucleic acid, 
namely singly ionized dialkyl phosphate groups and tertiary nitrogen atoms in the 
rings of purine and pyrimidine moieties. Similar types of alkylation site in certain co- 
factors may also be significant. 

We found that the rates of reaction between singly charged phosphate ions and 
sulphonate esters are too low to be detected in water, and the velocity of the reaction 
with carboxylate ions could not be measured very accurately. For this reason we 
measured the rate of reaction of the esters with hydroxide ions, which are more 


electron releasing than acidic anions. This reaction was taken to be representative of 
the reaction of sulphonates with negatively charged groups. The rate of hydrolysis 


* Chemistry Department, Queen Mary College, E.1. 
* The Chester Beatty Institute, Institute of Cancer Research, The Royal Cancer Hospital, London, 
S.W.3. 
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of the esters in initially neutral solution is taken to represent the reactivity of the esters 
towards uncharged electron donating reactants. 


EXPERIMENTAL 
Preparation of the esters 
Two general methods were used, (A) the action of methanesulphonyl chloride on 
the appropriate sodium alkoxide and (B) the action of the alcohol on methanesul- 
phonyl chloride in the presence of pyridine. 


Method A. Powdered sodium (5 g) was covered with dry ether (100 ml) and the minimum quantity 
of absolute ethanol to give complete solution. This solution was added slowly to methanesulphony! 
chloride (27-5 g), the sodium chloride filtered off, the ether removed, and the ethyl methanesul- 
phonate distilled, b.p. 100°/24 mm. Methyl methanesulphonate, b.p. 84°/12 mm. was prepared 
similarly 

Method B. Freshly distilled methanesulphony! chloride (0-2 mole) was added dropwise with 
stirring to a solution of n-butanol (0-2 mole) in carefully dried (KOH) redistilled pyridine (50 ml) 
at 0°. The temperature was not allowed to exceed 15° during the reaction. The mixture was acidified 
with ice-cold dilute HCI and the oil extracted with chloroform. After drying overnight (Na,SO,) the 
ester was purified by distillation. In the preparation of isopropyl and n-octyl methanesulphonates, 
the reaction was carried out in benzene solvent. The aqueous layer obtained after acidification was 
extracted twice with ether, and the combined benzene—ether solution was distilled after drying 
(Na,SO,). The following esters were prepared; isopropyl-, b.p. 96-97°/15 mm; n-butyl, b.p. 102 
10 mm; nv-amyl, b.p. 112°/8 mm (Found: C, 43-27; H, 8-31; S, 19-1. C,H,,SO, requires C, 43-36; 
H, 8-49; S, 19-3 per cent); n-octyl-, b.p. 98°/10-° mm (Found: C, 51-70; H, 9°89; S, 15-95. CgH SO, 
requires C, 51°89; H, 9-86; S, 15-4 per cent) 


Dimethanesulphonates. All the esters were prepared by method B. On acidification, 
the esters normally precipitated as white solids, which were recrystallized from a 
chloroform-light petroleum mixture. Alternatively, an acetone—light petroleum mix- 
ture was used. The low melting pentamethylene ester precipitated as an oil. It was 
purified by dissolving in hot chloroform-—light petroleum mixture, and freezing out 
in an ice—salt mixture. The ester was filtered off using a pre-cooled Hirsch funnel. The 
following melting points and analyses were obtained for the esters of general formula 


CH,SO,(CH,),-CH,SO3, Table 1. 


|. 


m.pt. Required Found 


48 22-0 
46°5 25:85 
118-119 29-26 
34-35 32:29 
60 35-0 
49 37-47 
67°5 39-71 
58 41-75 
79-80 43-59 


ID ALwh 


Sow 


Tetramethylene p-toluenesulphonate was prepared by the dropwise addition of 
pyridine (0-4 mole) to a mixture of tetramethylene glycol (0-2 mole) and p-toluene- 
sulphonyl chloride (0-2 mole). The ester was recrystallized from a benzene-light 


D 


j 
oO 
1 
ase 
S | 
: 4-62 29-4 22-18 4-65 29-6 
5-21 27°6 25-96 4-83 
5:73 26-0 29-33 5-48 25-6 
6:20 24-6 32-30 6°24 24:3 
6°61 23-4 34-87 6°37 24-0 
6-99 22:2 37°44 7-16 22-0 
7:33 21-2 39-59 7-43 21-2 
7-64 20:3 41-67 7-30 20-7 
7-93 19-4 43°51 7-83 19-6 
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petroleum ether mixture, m.p. 82-5° (Found: C, 54-37: H, 5-52: S. 16-0. C,,H,,S,0, 
requires C, 54-26: H, 5-57; S, 16-1 per cent). 


Tetramethylene di-o-nitrobenzenesulphonate was prepared by the following route, 


NO, NO, NO, NO» 


Cl S SO, Cl 


SOs) (CH) 


o-Nitrochlorobenzene was converted to the disulphide by reaction with sodium 
disulphide in ethanol.‘ The di-o-nitropheny| disulphide was oxidized with chlorine in 
aqua regia, and the sulphonyl chloride recrystallized from acetic acid.® The esterifica- 
tion was Carried oul in acetone, and the ester recrystallized from chloroform light 
petroleum ether, m.p. 116° (Found: C, 41-40; H, 3-23: S, 13-5: N. 6-58 C,,H,,O 
N,S, requires C, 41-75; H, 3-50; S, 13-9: N, 6-09 per cent) 

Products of reaction. Tetramethylene dimethanesulphonate (5-6 g) was refluxed 
for seven days in a solution of 50 per cent aqueous acetone (500 ml). After neutraliza- 
tion, with potassium carbonate, the solvent was removed, and the residue distilled in 
a micro-distillation unit to give the glycol (1-9 g) 


Rate measurements. The rate of reaction was measured by the conventional method 
of sealing 5 ml of the reaction mixture of known concentration of ester in the appro- 
priate acetone-water mixture in ampoules which were placed in the thermostat. 
After pre-determined times, the tubes were rapidly cooled in acetone at —20°. and 
then broken in acetone. The liberated methanesulphonic acid was titrated against 
standard alkali using lacmoid as indicator. The rates of the alkaline reactions were 
followed in a similar way, the excess alkali being titrated against standard hydro- 
chloric acid 

Olefin formation. In some cases the reaction tubes were analysed for olefin by 

reaking under a solution of bromine in dioxan of known concentration. The eXCess 
bromine was estimated iodimetrically. Blank experiments were performed in all 
cases 


TABLE 2 


Per cent 
Ester Per cent Temperature Ester oletin 

H.O (Cc) (mole |.) After24hr 

Ethyl sO 0-010 04 
Propy! 100 69-8 0-010 0-7 
Propy! 35 701 0014 0-6 
50 610 0-013 0-6 

Tetramethylene 50 610 0-008 3 14 


Solubility (a) Water. About 200 mg of the finely ground ester were placed in a 
sealed flask containing 25 ml of CO, free distilled water, and the mixture shaken 
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mechanically for a given time ¢. The acidity, a, was determined by alkali titration. 
The solubility s was then calculated from the equation, 


s = a/skt 


(b) Ether. Approximately 100 mg of ester were washed with two 20 ml quantities of 
ether, and the ester dried. 20 ml of ether were then added, and the stoppered flask 
shaken mechanically for 20 minutes and rapidly filtered into a tared bottle and the 
volume determined. The ether was allowed to evaporate and the flask reweighed. 
Blank determinations led to weight increases of the order of 0-0001 g. 


Calculation of rate constants 

Monofunctional esters. The first order rate constants k, for the hydrolyses were 
calculated from the simple first order equation, and in all cases this law was closely 
followed. As the rate of reaction with hydroxide ions is of the same order as the rate 
of solvolysis the following method was used. 


NaOH 
ROH — HX ————- ROH 


RX + NaOH — » ROH + NaX 


Let the initial concentration of ester RX be a mole/| and of sodium hydroxide, 6 
mole/l. At time ¢ let the concentration of ester be a x and of sodium hydroxide 
b — x. The rate of reaction is given by 


dx/dt = ka — x) + — xb — x) — 


x 


«(dx 


a 


k, | dt + ke | (b — x)dt 
x 


ky | x)dt 


so that 


k, 
| x)dt+log,ya .. . (2) 


lOgig (a — X) 4.303 


By plotting log ,. (@ — x) + k,t/2-303 against (b — x)dt the rate constant k, is 
obtained. 


Bifunctional esters. The solvolysis of the bifunctional ester may be represented as 
follows, 


5! 
+ + NaX + H,O 
x i 
k, 
1 
4 
a 
> log, kt + 
Fi 
k, ky 
AX, AX + A + 2K 
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At time ¢ = 0, let [AX,] = ay, and after time 1, let [AX,] = a, [AX] = 5, and [A] 


The appropriate differential equation gives on integration,® 


The rate constants may be evaluated by a general method suggested by Swain.’ The 
concentration of acid F produced in time ¢ is given by F b + 2 


2k 
expt kit) 


ky 
Thus 


log, (2a, F) 


et 


2k 


k exp exp kat 


2k 
exp 

ke 
Thus a graph of log,, (2a, F) against ¢ gives in the general case a curve of slope 
k,/2 2-303 att = Oand —&,/2-303 at when k, < k,. In the special case 


when &k, 2k, the general case simplifies to 
log (2a, F)/dt kK, 2 


his is of the same form as a simple first order process. 

Application of this equation to the rate measurements for the disulphonates showed 
that within experimental error k, 2k, for the tetramethylene esters and the higher 
homologues. The following rate constants were obtained by graphical solution® of 
the general equation for the hydrolysis of the trimethylene 1 :3-dimethanesulphonate ; 
k, 0-46 sec™*; ky 1-07 sec™!. 

Owing to the kinetic complexity of the mixed alkaline and neutral hydrolysis of the 
bifunctional compounds, the rate constants were obtained from the initial rate using 
the differential rate equation (1). 


DISCUSSION 
Before discussing the relationship between biological reactivity and chemical struc- 
ture the mechanism of reaction of methanesulphonic acid esters will be discussed 
briefly, since this is highly dependent on the reaction conditions. 


The nature of the reaction 

Alkyl esters of sulphonic acids are approximately 50 times more reactive than alkyl 
bromides towards water, owing to the greater strength of the sulphonic acid group. 
This increases the ionization tendency, 


(a) R-CH,-O-SO,-CH, - R-CH,* + CH,SO,-O 


52 
7 
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1 
1 
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This reaction is promoted by electron donating groups (nucleophiles) leading to a 
bimolecular displacement reaction, 


(b) H,O + R-CH,-0-SO,CH, ——» H,O—CH,R + CH,SO, 


R-CH,OH + H* 


The relative importance of the bond breaking process (a) and the bond forming pro- 
cess (b) is highly dependent on the substituents in R and on the reaction conditions. °® 
Consequently the reactions of these esters in aqueous solution cannot be described 


by a common mechanism. 


TABLE 3. RATE CONSTANTS k,, ACTIVATION ENERGIES E4, AND COLLISION FREQUENCIES 
PZ, FOR THE HYDROLYSIS OF ALKYL METHANESULPHONATES ROSO,Me, IN 50 PER CENT 
AQUEOUS ACETONE AT 61°C. 


R 


10° k, sec™! 4-82 1-59 0-813 37-0 
E, k.cal mole 19-4* 20-6 20-5 23-0 
log 


* In 25 per cent aqueous acetone 


Thus substitution by electron releasing (alkyl) groups successively decreases and 
increases the reactivity as shown by the rate sequence obtained for the monofunctional 


compounds (Table 3): 


CH,— > CH,-CH, 


The reaction mechanism of methyl methanesulphonate for example closely resembles 
that of primary alkyl halides, and the rate is highly sensitive to basic reagents, e.g. 
(Table 4). 


4. RATE CONSTANTS FOR THE NEUTRAL AND ALKALINE HYDROLYSIS OF MONO- 
ALKYL SULPHONATES IN ACETONE—WATER MIXTURES AT 61° (*45°). 


TABLI 


R Per cent 10° k, 10° kon Kou 
H,O N (sec~') (l.mole~! sec!) 


100 0-0106 28-4 8220 10! 
Et 25 0-0125 0-275 105 5-3 10° 

50 0-0122 1-59 28-2 4-9 10° 
n-Bu 50 0-0104 0-813 1-51 10° 
i-Pr 25* 0-0125 0-53 9-01 2. 10° . 


50* 0-0126 6-49 0 


On the other hand the substitution of a-alkyl groups increases the ionization ten- 
dency, so that in solvents of high water content, isopropyl methanesulphonate is 
unaffected by hydroxide ions (Table 4). Reactions of the kind (a) and (b) are strongly 


— 
é 
3 
ie i Me Et n-Bu i-Pr 
4 
a 
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promoted by polar solvents, whereas the rate of the competing reaction with ions (c) 
is slightly retarded.'° 


(c) OH- + R-CH,OSO,CH, R-CH,OH + CH,SO,- 


Consequently as the water content, and hence the polarity of the reaction environment 
decreases, the ester becomes more reactive towards OH~ (Table 4) and other negatively 
charged groups. The reactivity of the electron donating groups available in proteins 
and nucleic acids at pH 7-4 is considerably less than that of the hydroxide ion. Thus 
the extent of reaction with these functional groups will change rapidly with the water 
content of their immediate environment. We have therefore investigated the change in 
the hydrolysis mechanism with change in solvent composition. 

Although the exact nature of this change is not fully understood," there is no doubt 
that the transition state (which characterizes the reaction mechanism and determines 
the reactivity) gradually becomes more ionic with solvent polarity. This is shown in 
Fig. | which gives the change in rate of hydrolysis with solvent composition. The slope 


1] CH,SO3C, He 
1 CH,SO,CH(CHS), 


Fic. 1. 


of the graph gives a measure of the polarity of the transition state relative to that of the 
reactant. It is observed that in solvents of low water content the three monofunctional 
esters react by essentially the same mechanism, whereas the slopes in Fig. |. increase 
in the order Me Et < i-Pr in the most aqueous solvents. The reaction may be 
described therefore in terms of a gradually changing mechanism from type (b) to 
type (a) as the water content increases, and in the most highly aqueous solvents 
(> 50 per cent water in acetone) the secondary esters react essentially by the limiting 
(S-x-,) lonization, 

(d) i-Pr-OSO,Me i-Pr* + MeSO,-O 


i-PrOH + H* 


Now the exact nature of the intermediate cation is the subject of some controversy 
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which will not be discussed here.” It is important to note however, that although this 
reaction is formally analogous to the hydrolysis of 8-chloroethylamines' (N- mus- 
tards): 


(e) RR'N-CH,CH,Cl ——-» RR’N-CH,CH,* + Cl- 


the stability of the cation (e) is considerably greater than that of cation (d). Conse- 
quently most electron donating groups react rapidly™ with cation (e) leading to high 
competition factors. The secondary alkyl cation (d) is highly unstable leading to 
competition factors normally too small for experimental detection (Fig. 2). This 


Fic. 2. Hydrolysis of isopropyl methane sulphonate in 70 per cent aqueous acetone at 35-0°C. 
No added salt 
0-:0966 M KI. 
0-0483 M KI. 
00973 M KCNS. 
0-0487 M KCNS. 


difference in the two kinds of alkylating agents may lead to milder and more selective 
action on the part of the sulphonate esters," leading to the characteristic differences in 
biological action, e.g. on the various kinds of blood cells, and the vesicant action of 
the mustards and nitrogen mustards. 


Polymethylene dimethanesulphonates 

With the exception of the ethylene and trimethylene dimethanesulphonates the 
rate constants for the hydrolysis of the diesters are found to be approximately twice 
the values for the corresponding mono-esters (Table 5). This suggests that the ester 
groups in the mono- and diesters are equally reactive, and that the latter react inde- 
pendently to form the glycol. No tetrahydrofuran was detected in the hydrolysates 
of the tetramethylene diester, and ca. 90 per cent of the glycol was isolated. 

The rate of hydrolysis of the diesters increases rapidly with chain length* to reach a 
constant value at C,. This increase in chemical reactivity closely follows the increase 

* A similar change in reactivity observed with the alkyl halides” is attributed to inductive changes 
in the carbon halogen bond energy (1) rather than to steric causes. As shown by the representation 


of the transition state for the present reaction, the second sulphonate group will probably exert 
little steric hindrance to the approach of the substituting group (N). 
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TABLE 5. COMPARISON OF RATE OF HYDROLYSIS A,, SOLUBILITY IN WATER Sw AND IN 
ETHER Sp AND THE DEPRESSION OF NEUTROPHILS F/d FOR THE DIMETHANE SULPHON- 
ATES (CH,),(SO,), 


10° k, (sec ty 
Mono- Diester 


1-59 0-0645 
0-486 
79 
66 
6Y 
S6 


0-813 
1-71 


0-789 


70 


65 
0-009 


* p-toluenesulphonate. Solubilities are expressed as mol. | 10*, 
+ Reference.'* 


in biological activity as measured by the growth inhibiting action on the Walker 
tumour and by the neutrophil depression" (Table 5). 


° 


9 
a 
> 


9 10 
FIG Effect of chain length (”) on rate of hydrolysis (4,) 


The further decrease in biological activity along the homologous series for chain 
lengths greater than C, is therefore not due to changes in chemical reactivity and must 
be attributed to physical causes (see below). 


The influence of the acidic group 


The results discussed so far have revealed a biological optimum at the tetramethylene 
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dimethanesulphonate, and have indicated that an increased inductive effect, which 
reduces the reactivity, also reduces the biological action. It follows that substitution 
which promotes the ionization (d) will increase the chemical activity, and it is of 
interest to observe the change in biological activity. The ionization reaction is 
promoted by electron attracting substituents in the released group, and to investigate 
this effect several diesters of aromatic sulphonic acids were prepared from tetra- 
methylene 1:4 glycol. The rates of the hydrolysis and the reaction with hydroxide ions 
of the di-p-toluenesulphonate and the corresponding dimethanesulphonate were found 
to be almost equal (Table 6). The toluenesulphonate was however found to be bio- 
logically inactive. It was thought that a large increase in chemical reactivity might 
produce biological activity, but the di-o-nitrobenzenesulphonate, which is ca. 40 times 
more reactive towards water and ca. 10 times more reactive towards hydroxide ions 
than the corresponding methanesulphonate (Table 6) is also inactive towards the 
Walker tumour, but has so far not been tested as a neutrophil depressant. 

Again we find esters of similar chemical reactivity and similar structure with very 
different biological actions. These differences may be attributed to one or both of the 
following physical factors, (a) increased steric hindrance of the esters of aromatic 
sulphonic acids towards the protein or nucleic acid chains, thus reducing sorption on 
the active sites. (b) the fat-water solubility ratio controlling the transport of the 
drug to the site of the reaction. These possibilities are examined further in the 
following section. 


TABLE 6. RATE OF REACTION OF TETRAMETHYLENE DISULPHONATES, (CH,),(SO,X), 
WITH WATER AND HYDROXIDE IONS IN 50 PER CENT ACETONE-WATER SOLUTION. 


Temp (OH) 4 10 kon kon 
(C) N (Il.mole sec!) 


CH, 61 0-0212 3: 5: 10° 
p-CH.C,H, 61 0-0127 33 3+ 10° 
35 0-0197 298 3 10° 


The influence of solubility 

The results described in the two previous sections show that chemical reactivity 
alone does not determine the biological activity of these esters. Similar studies of the 
nitrogen mustards have led to a correlation between chemical and biological activity 
with different substituents in the aromatic ring’®, but in this case also increasing the 
chain length (but preserving the 8-chloramine groups) leads to a decrease in activity. 
These changes have been explained by various workers in terms of the steric require- 
ments of the bifunctional action.” Thus the maximum activity observed with the C, 
and C, compounds may seem, sp<culatively, to be related to the best separation 
distance in the crosslinking of polypeptide or nucleic acid chains,'* or the cyclization on 
primary amino-groups'® secondary phosphate” or neighbouring phosphate groups.”! 
These speculations cannot be further substantiated until the sites of reaction on the 
protein or nucleoprotein have been identified. 

The biological inactivity of diesters of aromatic sulphonic acids, which are as 
equally reactive chemically as the corresponding methanesulphonates, is difficult to 
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explain on steric grounds, as the substitution reaction occurs in the 6 position to the 
reactive carbon atom. 


Moreover, the displaced group attains a full negative charge which will therefore be 
directed towards the aqueous part of the gel and away from the polypeptide or 
nucleic acid chains. Although this substitution reaction would appear to be free from 
steric hindrance. the benzene ring may reduce absorption of the ester on the receptor 
in increasing the steric hindrarce towards crosslinked polypeptide and nucleic acid 
chains. 

As an alternative explanation of the large variations in biological activity of esters 
with similar chemical reactivities, the solubility characteristics of the esters were 
examined. The close relation between solubility and toxicity or drug action is well 
known, and in many cases quantitative correlations have been observed. The trans- 
fer of the ester from the site of the injection (peritoneum) through the mainly aqueous 
medium will be facilitated by increased water solubility. The data in Table 5 shows 
that the water solubility reaches a maximum at the C, diester, and also that the solu- 


bility of the C, ester is approximately twice that of the C, ester whereas the neutrophil 


depressing action is approximately six times less. There is therefore no simple relation 


between biological activity and water solubility 

The solubilities of the esters in ether were also determined and taken as measures 
of their fat solubility. As shown by the data in Table 5 the ratio of the solubility in 
water to that in ether (Sw/Sg) closely follows the biological activity as measured by 
the extent of neutrophil depression (F/d), produced by the esters of varying chain 
length (Fig. 4). Moreover, the biologically inactive ester, tetramethylene | :4-di-p- 


‘ Biological activity 


Fic. 4. Effect of chain length (#) on neutrophil depressing activity in the rats and on the water-ether 
solubility ratio 


toluenesulphonate has an extremely low water-ether partition coefficient, and the 
water solubility of the corresponding di-o-nitrobenzenesulphonate was too small to 
be estimated. It seems therefore that a water to oil partition coefficient may be used 
as a semi-quantitative measure of the biological activity of the series of esters con- 
sidered here 

Frequently toxicity, and other biological effects e.g. narcotic action, are found to 
increase with oil-water partition coefficients.** This is usually explained by assuming 
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that sorption on specific sites is closely related to the oil—water distribution. The reverse 
trend found in the present case is taken to show that the efficiency of the transfer 
through aqueous media to these sites has a greater influence on the biological activity 
than sorption on the sites in a less polar environment. It is noted however, that the 
distribution coefficients of the most active esters are of the order of unity, so that these 
esters may pass equally readily through aqueous and organic media. 
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STUDIES ON THE MODE OF ACTION OF TUMOUR- 
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Abstract c vetabolic fate in the rat of “C-ethyl methanesulphonate (1) 
growth-inhit ¢ (radiomumetic) alkylating agent, was studied 

Thirt per cent of the radioactivity is exhaled as carbon dioxide during the first 
24 hr te traperitoneal imyection of the compound. Comparison of the rates of 
exhalatior f cardon dioxide following injection of ethyl methanesulphonate and 
radioac c inol suggests that in the former case carbon dioxide is derived from 
ethanol formec hydrolysis of the drug at a rate comparable to that which occurs in 
water 

Approx 20 per cent of the injected radioactivity is excreted in the urine during 
three days after injection. While a number of radioactive metabolites are present in 
the urine st all the radioactivity is incorporated in N-acetyl-S-ethylcysteine and 
other cor es or derivatives of S-ethylicysteine. This was demonstrated by com- 
paring aut lographs of chromatograms of urine obtained after injection of “C-ethy! 
methanesuly nate and '*€ -S-ethylcysteine The nature of some of the metabolites ts 
discussed. A small quantity of radioactive urea in the urine could have been derived 
from ethan \ negligible quantity of radioactivity appeared in the faeces 

Methy ethanesulphonate and propyl methanesulphonate have also been shown to 
be excreted as derivatives of the corresponding alkylated cysteines 

S-ethylg hione has been shown to be converted in the rat to derivatives of 
S-ethylcysteine, evidence to suggest that S-ethylglutathione and S-alkylated proteins 
may be intermediates in the formation of S-ethylcysteine conjugates from ethyl 
methanesu!lphonate 

The relevance of the findings in relation to the pharmacological properties of the 


alkylating agents in general is discussed 


INTRODUCTION 


\ WIDE variety of chemical agents such as the sulphur and nitrogen “mustards”. 


dimesyloxy esters (cf. Myleran'), epoxides and ethyleneimines, possess a common 


ability to react in vitro with amino acids, proteins and nucleic acids. They have been 
shown moreover to elicit diverse biological effects, notably vesication, the production 
of mutations and chromosome aberrations, growth inhibition, and the ability to act 
as carcinogens.* While the biochemical mechanisms underlying the effects of these so- 
called biological alkylating agents are not known, biological activity as measured by 
the inhibition of tumour-growth or the induction of chromosome abnormalities has 
been shown by in vitro studies to correlate both qualitatively and quantitatively with 
alkylating ability. It has furthermore been suggested that the cellular sites of reaction 
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may be ionized acid groups, either carboxyl groups of proteins* or phosphate groups 
of nucleic acid,‘ or alternatively purine molecules.’ Various urinary metabolites 
have been identified following administration to animals of different types of alkylating 
agent’ but as yet no direct evidence for in vivo alkylation as opposed to in vivo com- 
bination has been forthcoming. 

The work described here, some aspects of which have been briefly reported,° 
concerns the metabolic fate of some alkyl methanesulphonates studied by Haddow 
and Ross.* These compounds have been shown to have some inhibiting effect on the 


growth of the 


CH,CH,OSO,CH, 


transplanted Walker rat carcinoma 256 and to cause mutations in Drosophila melano- 
gaster.° The compound chosen initially for detailed investigation was ethyl methane- 
sulphonate (1), (CB 1528), a compound closely related to the familiar series of di- 
mesyloxy esters (Il) of which Myleran (II; 1 = 4) is the most effective in the treatment 
of certain types of leukaemia; it is in fact a “half Myleran”’. 


CH,SO,O(CH,),,OSO.CH, 


The monofunctional alkylating agents generally manifest their biological effects, or 
more pertinently, their ability to inhibit tumour-growth at concentrations 50 to 100 
times those of the bifunctional compounds; nevertheless it was considered that any in 
vivo alkylation reactions would be comparable to those undergone by their di- or 
polyfunctional analogues, and permit a more facile determination of the reaction 
products. It was hoped that a detailed investigation of the urinary metabolites follow- 
ing injection of ethyl methanesulphonate and related compounds might give some 


indication of the reactions undergone in vivo. 


MATERIALS AND METHODS 

Preparatit e methods 

4C-ethyl methanesulphonate labelled on the a-carbon atom, specific activity 1-6 
ue/mg, was synthesised by Dr. V. C. E. Burnop of this Institute. 

1-“C-ethanol, specific activity 0-1 mc/mM, and 1-“C-ethyl iodide, specific activity 
0-1 mc/mM, were supplied by the Radio-chemical Centre, Amersham. 

4C-.§-ethylcysteine—Cysteine hydrochloride (217 mg) was dissolved in a mixture 
of 1 per cent caustic soda (1-1 ml) and water (1 ml) at 0°. “C-ethyl iodide (195 mg), 
containing 200 uc, in ethanol (3 ml) was added, and the stoppered mixture left at 
room temperature for 48 hr. The pH was adjusted to 7 by the addition of a few drops 
of dilute hydrochloric acid, a little acetone added, and the solid separated by filtration. 
It was washed with cold 50 per cent aqueous ethanol and ethanol, and dried in the air. 
The yield of colourless plates, specific activity 0-86 ~c/mg was 111 mg. The compound 
was shown by paper chromatography and autoradiography to be pure S-ethyl- 
cysteine. Unlabelled S-alkylcysteines were prepared by the following general method. 

Cysteine hydrochloride (0-003 M) was dissolved, with cooling, in a solution of 
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sodium hydroxide (0-006 M/10 ml water). To this was added with cooling and shaking, 
a solution of the appropriate alkyl bromide or iodide (0-003 M) in sufficient ethanol to 
keep the reaction mixture homogeneous. After standing overnight at 0°, the precipi- 
tate was collected by filtration, washed successively with cold 50 per cent aqueous 
ethanol, ethanol, and light petroleum (B.P. 60-80°), and recrystallized from aqueous 
ethanol. Yields were generally about 60 per cent. 

Compounds made by this method included S-methylcysteine (M.P. 245°; lit. 
M.P. = 248°"), S-ethylcysteine (M.P. = 255°; lit. M.P. = 260°!*), S-propylcysteine 
(M.P. = 240°; lit. M.P. = 240-41). 

V-Acetyl-S-ethylcysteine. S-ethylcysteine (10 g) was treated with acetic anhydride 
(50 ml) in a stoppered flask and the mixture vigorously shaken until solution was 
attained. After standing overnight at room temperature the mixture was diluted with an 
equal volume of water and the solvent removed by distillation from a water bath (40°) 
under reduced pressure. The material crystallized from chloroform as plates, M.P. 
122 

Required for C,H,,O,NS: C, 44-0; H, 69; N, 7-3 per cent. 

Found: C, 44-5, H,70; N, 7-3 per cent. 

S-ethylcysteine sulphone. S-ethylcysteine (6.0 g) was dissolved in 5N_hydro- 
chloric acid (10 ml) and water (60 ml). Ammonium molybdate (4 ml of 0-5 M) was 
added followed by 30 per cent hydrogen peroxide (12 ml), with cooling. After 2 hr at 
room temperature the yellow solution was treated with dicyc/ohexylamine (sufficient to 
remove the hydrochloric acid as the insoluble hydrochloride). The filtrate was treated 
with acetone (1000 ml), and after standing overnight the sulphone was collected by 
filtration. Crystallization from hot aqueous ethanol afforded small colourless plates, 
M.P. 169°, (3-9 g). 

Required for C;H,,O,NS: C, 33-14; H, 6-12; N, 7-73; S, 17-7 per cent. 

Found: C, 33-28; H, 6-17; N, 7:78; S, 17-5 per cent. 

S-ethylcysteine sulphoxide. S-ethylcysteine (3 g) was dissolved in a mixture of 
concentrated hydrochloric acid (2-2 ml), water (15 ml), methanol (25 ml), and hydro- 
gen peroxide (2:9 ml of 30 per cent) added. After standing for | hr dicyclohexylamine 
(4-5 ml) was added, and the precipitated dicyc/ohexylamine hydrochloride removed 
by filtration. The filtrate was neutralized by the dropwise addition of dilute hydro- 
chloric acid, and after further filtration was treated with acetone (250 ml). The white 
precipitate of sulphoxide (1-6 g) formed microplates, M.P. 154—-155°C, from aqueous 
ethanol. 

Calc. for C;H,,O,NS: C, 36-35; H, 6-71; N, 8-68 per cent. 

Found: C, 36-38; H,6-51; N, 8-42 per cent. 

Ethylmercaptopyruvic acid. Ethyl mercaptan (6-2 g) was dissolved in a solution of 
potassium hydroxide (5-6 g), in water (100 ml). Bromopyruvic acid™ was added in 
portions with shaking and cooling to maintain the temperature at 0-5°. The pH was 
kept well on the alkaline side by the occasional addition of potassium hydroxide 
pellets. The mixture was allowed to stand at room temperature and then twice ex- 
tracted with ether. The solution was made acid (pH 1-2) by the addition of hydro- 
chloric acid, and the oil which separated was extracted into ether. After drying over 
anhydrous sodium sulphate the ether was distilled off, leaving a viscous syrup. 
Crystallization was induced by leaving the oil in a crystallizing dish in a desiccator 
over concentrated sulphuric acid for three to four weeks. The mass was dissolved in 
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hot benzene and on cooling, long colourless needles M.P. 123-125’, separated. Two 
further crystallizations raised the melting point to 130—131°. The yield of pure product 
was g. 

Required for C;H,O,S: C, 40-5; H, 5-44; S, 21-6 per cent. 

Found: C, 40-6; H, 5-38; S, 21-0 per cent. 

When even slightly impure the compound appeared spontaneously to decompose 
in the course of several weeks, giving a deep brown syrup. Even the crystals from the 
purest preparation became slightly oily within several months, and evolved ethyl 
mercaptan. 

S-Ethylglutathione. A mixture of reduced glutathione (sodium salt) (0-8 g), ethyl 
iodide (0-2 ml), normal sodium hydroxide solution (2 ml), water (2 ml), and ethanol 
(30 ml), was shaken vigorously for 3 hr. Addition of ethanol (50 ml) precipitated an 
oil which solidified on triturating with ethanol. Repeated crystallization from aqueous 
ethanol gave a hygroscopic white solid (200 mg), which was chromatographically 
homogeneous and liberated S-ethylcysteine when hydrolysed with boiling hydrochloric 
acid. 

Found: N, 12-3 per cent. 

C,2H,,N,0,S requires: N, 12-54 per cent. 


Animals and administration of compounds 

Male Wistar rats weighing approximately 200 g and maintained on a 20 per cent 
protein diet were kept in metabolism cages which enabled separation of urine and 
faeces, and when required, collection of respired carbon dioxide. Both healthy and 
Walker-tumour-bearing rats were used. All compounds were administered by intra- 
peritoneal injection. 

Ethyl methanesulphonate exerts its inhibiting effect on the Walker rat carcinoma at 
a dose of 60 mg/200 g rat in arachis oil (2 ml) (A. Haddow, personal communication) 
—that used throughout these metabolic studies. 

S-ethylcysteine (50 mg labelled (43 uc), 20 mg unlabelled) was administered sus- 
pended in arachis oil (2 ml). 

Ethanol (60 mg unlabelled + 88 uc 1-“C-ethanol (specific activity 0-1 mc/mM) was 
administered in water (2 ml). 

Measurement of exhaled radioactive carbon dioxide. Carbon-dioxide-free air was 
drawn through the metabolism chamber at a rate of about 300 cm*/min and the re- 
spired carbon dioxide was carried into a 5 per cent sodium hydroxide solution (80 
ml). After dilution to 100 ml, 10 ml of this solution was treated with 25 per cent 
ammonium chloride (3 ml) and saturated barium hydroxide (15 ml). The precipitated 
barium carbonate was collected by centrifugation, washed successively with two por- 
tions of water, one each of ethanol and ether, dried at 100° to constant weight, plated 
to infinite thickness, and counted. 

Estimation of radioactivity in faeces. Faeces were roughly dried, crushed into a 
homogeneous powder, dried to constant weight, and the radioactivity assayed at 
infinite thickness. 


Investigation of urinary samples containing radioactivity 
Estimation of radioactivity. Aliquots of urine were repeatedly applied to a 2 cm 
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plastic planchette and evaporated by infra-red heat until the layer was of infinite 
thickness and the weight constant. The radioactivity was assayed, using an end-window 
counter connected to an ECKO Scaler Type N 529 or Panex Equipment 100 C. 

Preparation of samples for paper chromatography. Fig. | illustrates the manner in 
which the various fractions and hydrolysates were prepared for paper chromatography. 

The cationic and anionic exchange resins, B.D.H. Amerbilte Resin IR 120 and 
B.D.H. Amberlite IRA 400 (OH) respectively, enabled separation of urinary con- 
Stituents into neutral, acidic, basic, and amphoteric fractions and the removal of 
inorganic salts 

Acid hydrolysis of liquid samples was achieved by mixing an aliquot with an equal 
volume of concentrated hydrochloric acid and heating under reflux or in a sealed tube 
at 100° for 24 hr. Excess hydrochloric acid was removed by repeated evaporation 
with warm air. The hydrolysate was then chromatographed on paper and after de- 
salting and separation into acidic, basic and amphoteric constituents by percolation 
through ion exchange columns (Fig. 1). 


Alkaline hydrolysis was achieved in a similar manner using 2N caustic soda solution. 


Enzymic hydrolysis—an aliquot of urine was incubated with either Ketodase 
(Warner Chilcott Labs., New York, U.S.A.) or acid phosphatase (Worthington Bio- 
chemical Corpn., New Jersey, U.S.A.) at 37° in an equal volume of acetate buffer 
(pH 5-0) 

Each fraction was analysed by ascending chromatography in at least two solvent 
systems 

Paper chromatography of urinary fractions—A Shandon Multi-Sheet Frame 
Chromatank and Whatman No. 4 20 cm « 20cm punched filter papers were found very 
satisfactory for the preliminary and rapid examination of mixtures. For the greater 
resolution necessary for the accurate determination of R, values a Shandon 20-in. 
“Two-Way” Sheet Chromatank was used. 

Solutions to be analysed were applied to chromatogram papers with an Agla 
microsyringe, and dried with warm air. For the examination of urinary samples never 
less than 10 yl was applied to the chromatograms. 

The solvents used were: butanol-ethanol—propionic acid—water (20:10:10:4) 
(Solvent I); butanol—acetone—water—dicyclohexylamine (20:20:10:4) (Solvent ID: 
butanol saturated with 3 per cent ammonia (Solvent III); butanol—acetic acid—water 
(4:1:1) (Solvent IV) and phenol-water (NaCN +- 0-3 per cent ammonia) (Solvent V). 
Paper chromatograms were exposed to Ilfex film for periods of up to four weeks and 
then developed with various spot reagents. 

Spot-test reagents were prepared and used by the methods summarized by Block," 
except the ninhydrin reagent which was made by dissolving ninhydrin (0-25 g) in a 
mixture of A.R. acetone (93 ml) and glacial acetic acid (7 ml). In the presence of 
dicyc/ohexylamine (present in Solvent Il) many of the amino acids gave characteristic 
colours when developed with ninhydrin, which proved a useful aid to identification: 
thus glycine appeared as a red-brown spot, aspartic acid as turquoise, phenylalanine 
and S-ethylcysteine as grey, and so on."* 

he platinic iodide reagent was used frequently as a test for sulphur-containing 
compounds although its usefulness was somewhat restricted by its inability to give a 
positive reaction after papers had been in contact with dicyclohexylamine, and the 
fact that oxygenated compounds failed to react. 
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RESULTS 
The Metabolism of *C-Ethyl Methanesulphonate 
Exhaled *C-carbon dioxide 
In Table | are recorded the quantities of radioactive carbon dioxide exhaled at 
intervals during 24 hr after injection. 


TABLE |. RATE OF EXPIRATION OF C-CO, FROM A RAT INJECTED WITH 'C-ETHYL 
METHANESULPHONATE 


Hours after Expired Per cent Per cent 


injection radioactivity total injected total expired 

(yc) radioactivity radioactivity 
0-2 3-1 3-2 9-2 
24 6°65 7-0 
4-6 6°35 19-5 
6-8 4-7 49 14-0 
8-10 39 41 12-0 
10-12 2°8 29 8-6 
12-14 21 2:2 64 
14-16 0-87 0-9 2-6 
16-18 0-88 0-9 2-6 
18-20 0-78 0:8 2:3 
20-22 0-66 0-7 2-0 
22-24 Negligible 
Total 32-79 34:3 100-0 


Radioactivity in faeces 

The faeces contained never more than 1-2 per cent of the radioactivity of the in- 
jected drug and this possibly due to contamination with urine, since superficial washing 
with water removed the radioactivity. 


Radioactivity in urine 
Table 2 shows the rate of excretion of urinary radioactivity. 


URINARY RADIOACTIVITY FROM RATS INJECTED WITH C-ETHYL METHANE- 
SULPHONATI 


TABLE 2. 


Hours after Per cent total administered 


injection radioactivity 
0-24 12-15 range for four experiments 
24-48 4 
48-72 approx. 
72-96 Negligible 
Total 20 approx. i 


Nature of urinary metabolites. Urine was fractionated as outlined in Fig. 1, and the 
various fractions submitted to one- and two-dimensional paper chromatography 
using combinations of the solvent systems described. 
The urinary excretion pattern was the same for normal and tumour-bearing rats. 
Autoradiography revealed the presence at various times of at least twelve areas 
containing radioactivity, while only two of these consistently constituted major areas 
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(see, for example, spots a and b, Figs. 2 and 3A). Treatment with ion exchange resins 
showed that they were both acids, while they were negative to the ninhydrin test and 
showed a positive sulphur test (platinic iodide reagent). Neither was associated with the 
protein fraction since they were still present in urine following deproteination with 
ethanol. 

One of the compounds was stable to mild acid treatment (dilute hydrochloric acid 
overnight at room temperature) while the other altered in R, in Solvent I (compare 
Figs. 3B and 3C), but retained the other properties listed. 

After hydrolysis with boiling hydrochloric acid only one major area of radioacti\ ity 
appeared on autoradiographs of paper chromatograms (Spot e, Figs. 3D and 4) and 
this could now be superimposed over a sulphur-containing ampholyte which gave a 
characteristic grey colour with ninhydrin in the presence of dicye /ohexylamine. 

Urine which had been boiled with caustic soda solution still retained at least 50 
per cent of its radioactivity. Acidification of this solution and evaporation prior to 
counting, however, led to a loss of all the radioactivity as did subjecting the alkaline 
hydrolysate to paper chromatography in acid solvents (no radioactive spots on the 
autoradiographed papers). It was evident that alkali had caused the conversion of one 
or more of the radioactive urinary constituents into the sodium derivative of a com- 
pound which was volatile at acidic pH. If the compound was a radioactive acyl 
compound formed from the drug, hydrolysis with alkali would give rise to sodium 
acetate which would give volatile radioactive acetic acid on acidification. The fact 
that solid counts on residues from radioactive urine which had been boiled with 
hydrochloric acid showed very little loss of the original radioactivity, proved that this 
was not the case, neither was the activity originally present as a carboxylic ester. It was 
therefore concluded that one or both of the original major radioactive metabolites 
was a sulphur-containing acid which was converted to a sulphur-containing ampholyte 
on acid hydrolysis without loss of radioactivity, but which decomposed with hot 
alkali to give the sodium salt of a volatile acid with loss of radioactivity on acidifica- 
tion. This data was consistent with the ampholyte present after acid hydrolysis being 
S-ethylcysteine (II), since this is stable to boiling acid, but decomposes giving the 
sodium salt of the volatile ethyl mercaptan on boiling with caustic soda. 


C,H,S-CH,-CH-COOH 


NH, 


Confirmation was achieved by comparison of the properties of S-ethylcysteine with 
those of the radioactive ampholyte present in acid hydrolysed urine S-ethylcysteine 
had an identical R, in the five solvent systems employed, behaved similarly on ion- 
exchange resin columns and on a column of deactivated charcoal!’ (S-ethylcysteine 
behaves like an aromatic amino acid in this respect) and on treatment with hot mineral 
acid, nitrous acid, and alkali. The alternative possibility that this S-ethyl amino acid 
could be ethionine (formed by ethylation of homocysteine) was rejected on the basis of 
its R, in these solvents systems, it being easily distinguishable from S-ethylcysteine. 
rhe peptide S-ethylglutathione had been shown to be hydrolysed by the conditions 
used to hydrolyse the urine and to possess quite different chromatographic properties. 
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Both major areas of radioactivity were hydrolysed on the paper chromatogram 
with hydrochloric acid (by heating papers sprayed with dilute acid between glass plates 
for | hr at 80°) and gave rise to ninhydrin-positive compounds containing radioactivity. 
Again, elution of the spots from the paper chromatogram, acid hydrolysis and re- 
chromatography (Solvents I and Il), and autoradiography showed that each compound 
had been converted to S-ethylcysteine proving that each was originally a derivative of 
it. Since both major radioactive metabolites were ninhydrin-negative before acid 
hydrolysis, and gave rise to the same ninhydrin-positive ampholyte on acid treatment, 
it was concluded that they were conjugated, at least partly through the nitrogen atom. 
Since in most recorded instances S-substituted cysteines are excreted from the mammal 
as the N-acetyl derivative (mercapturic acid), N-acetyl-S-ethylcysteine was synthe- 
sized and shown to have an identical R, to one of the radioactive components (spot a, 
Figs. 2 and 3A) in solvents I-V. The other major metabolite which altered in R, on 
mild treatment with acid and gave rise to S-ethylcysteine on more vigorous treatment 
was concluded to be a more complicated conjugate of S-ethylcysteine. 

Conclusive proof that almost all the radioactive compounds present in radioactive 
urine were derived from S-ethylcysteine was obtained by injection of “C-S-ethyl- 
cysteine, subjecting the urine to the detailed examination outlined in Fig. 1, and ob- 
taining autoradiographs identical in almost all respects to those just discussed. 

Only three areas of radioactivity were present on autoradiographs of paper chroma- 
tograms prepared from acid hydrolysed urine obtained from rats injected with ethyl 
methanesulphonate (Fig. 4). One of these, the major area, was clearly associated with 
S-ethylcysteine, while the other faint areas could be exactly superimposed over 
compounds which gave a brown colour with ninhydrin in the presence of dicyclo- 
hexylamine. Since these compounds were also present on similar chromatograms 
prepared from urine of rats injected with S-ethylcysteine, it was obvious that they 
were derived from it. Both compounds were shown to be acids, and one (spot d, Fig. 
4) definitely shown also to have basic properties. Before acid hydrolysis of urine these 
compounds were present as ninhydrin-negative acids (absence of radioactivity in 
400 A or 120 B solutions, Fig. 1), one at least a conjugated amino acid. This compound 
was shown to be S-ethylcysteine sulphone, (the faint radioactive spot d, Fig. 2, is 
due to a trace of free sulphone in the original urine) since it had an identical R, with 
an authentic specimen in Solvents I, Il, 1V and V, gave the same characteristic brown 
colour with ninhydrin in the presence of dicyc/ohexylamine, was stable to boiling acid 
but unstable to boiling alkali, and was clearly derived from S-ethylcysteine in vivo. 
While the nature of the conjugation prior to acid hydrolysis is not known, it is rele- 
vant to mention that the homologue methionine sulphone is excreted by rats as a 
glutamy! derivative.'* The sulphone, when injected into rats (180 mg/2 cm* water) 
was excreted in a conjugated form. Hydrolysis of the urine with acid liberated the 
free sulphone, but there was no evidence that reduction to S-ethylcysteine had occurred. 

To determine whether the other ninhydrin-positive compound present in hydrol- 
ysed urine was S-ethylcysteine sulphoxide, this compound was synthesized but had a 
different R, in Solvents I and II and did not give a brown colour with ninhydrin in 
the presence of dicyc/lohexylamine. While the sulphoxide could not be detected on 
paper chromatograms of either unhydrolysed or acid-hydrolysed urine, its presence 
could not be precluded for, if formed in vivo, it would almost certainly be excreted in 
a conjugated ninhydrin-negative form, and model experiments have shown that it 
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would not survive acid hydrolysis. Injection of a rat with the authentic compound 
followed by ion exchange and paper chromatography, showed that none was excreted 
unchanged, and that no sulphone was detectable on chromatograms of acid-hydrol- 
ysed urine, which was evidence to suggest that the sulphoxide was not an intermediate 
in the oxidation of S-ethylcysteine to its sulphone. 

When urine from rats injected with “C-ethyl methanesulphonate or “C-S-ethyl- 
cysteine, was treated with 2:4-dinitrophenylhydrazine,”® subsequent paper chromato- 
graphy in Solvent III and autoradiography, showed that a very small amount of 
radioactivity was associated with one of the dinitrophenylhydrazones. In view of the 
finding of Shen and Lewis'® that S-benzylcysteine and related compounds undergo 
oxidative deamination in vivo to the corresponding keto acids, and the fact that 
S-ethylcysteine is readily deaminated by both d- and l-amino acid oxidase in vitro.?° 
it was considered likely that this compound was the dinitrophenylhydrazone of 
8-ethylmercaptopyruvic acid (IV). 


C,H,SCH,COCOOH 


IV 


The dinitrophenylhydrazone of this keto acid had an entirely different R, in Solvent 
111 from that present in the urine. To determine whether the keto acid was excreted 
unchanged from the rat, a 24 hr urinary sample from a rat injected with it (15 mg/2 cm* 
water) was examined. No unchanged keto-acid was detectable on treatment with 
either 2:4-dinitrophenylhydrazine or o-phenylenediamine,® but instead it was found 


SOLVENT I 


Fic. 5. Shows the ninhydrin-positive spots normally present on paper chromatograms (Solvent | 
and II) of urine from rats maintained on a 20 per cent protein diet ( ), and those appearing 
in addition after injection of ethyl methanesulphonate ( ). 


that a large proportion of the compound had been converted into derivatives of S- 
ethylcysteine. Hence while no conclusive evidence can be given for the formation of 
the keto acid from ethyl methanesulphonate or S-ethylcysteine in vivo, its participa- 
tion as an intermediary metabolite may be considered. 

Two-dimensional chromatograms of urine from rats maintained on a 20 per cent 
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protein diet showed fairly consistent amino acid excretion patterns (Fig. 5). Nin- 
hydrin-positive areas corresponding in R, to the amino acids serine, alanine, glycine 
and arginine were usually present. A white spot on the pale blue background was 
shown to be due to urea. Similarly prepared chromatograms of urine from animals 
injected with ethyl methanesulphonate showed on occasions, in addition to the normal 
excretion patterns, a faint brown spot due to unconjugated S-ethylcysteine sulphone 
(spot B, Fig. 5), a faint grey spot (more pronounced in the second day’s urine) due 
to free S-ethylcysteine (spot A, Fig. 5), both areas containing radioactivity, and a 
bright yellow spot (spot C, Fig. 5). Urea was consistently found to contain an appre- 
ciable quantity of radioactivity, isolation of which was achieved by percolation of 
urine down columns of amberlite resin IR 120 and IRA 400. Evaporation of the final 
aqueous eluate (120 A/400 A solutions, Fig. 1), chromatograms of which revealed 
only one radioactive spot, that due to urea, gave a solid, M.P. 129°, undepressed on 
admixture with an authentic sample. The ninhydrin spot attributed to arginine in- 
variably appeared associated with traces of radioactivity when papers were auto- 
radiographed for a long time. Ninhydrin development of chromatograms of urine from 
rats injected with 'C-S-ethylcysteine indicated the presence of traces of free S-ethy!- 
cysteine and S-ethylcysteine sulphone, but no radioactivity was found in urea. The 
yellow spot was also absent. 

Absence of associated radioactivity proved that the compound giving a yellow colour 
with ninhydrin was not an ethylated product derived from the drug. The possibility 
of its being formed by interaction of methanesulphonic acid or ethanol, the hydrolysis 
products of ethyl methanesulphonate, with some cellular constituent, was eliminated 
following examination of the urine from rats injected with mixtures of these com- 


pounds in arachis oil. A considerable amount of work has failed to reveal the identity 
of this compound, but since it is not detected in urine from rats injected with other 
equally effective alkylating agents, it was not further investigated. 


One small area of radioactivity on chromatograms of unhydrolysed urine from rats 
injected with C-ethyl methanesulphonate (spot f, Figs. 2 and 3A) is not present on 
similarly prepared chromatograms from rats injected with “C-S-ethylcysteine. This 
compound which probably represents < 0-1 per cent of the administered drug is 
almost certainly an alkylated product. It fluoresces intensely blue in ultra-violet light. 
No change in R, of this compound was observed on treatment of the urine with cold 
alkali (pH 10 at room temperature for 24 hr) nor did the enzymes glucuronidase or 
acid phosphatase have any effect on it, while it is either decomposed or more prob- 
ably undergoes a change in R, on mild treatment with mineral acid. 


Metabolism of 1-“*C-Ethyl Alcohol 
Exhalation of “C-carbon dioxide 
In Table 3 are recorded the quantities of radioactive carbon dioxide exhaled at 
intervals during 24 hr. 


Nature of urinary metabolites 

One per cent of the injected radioactivity was excreted in the urine. This radio- 
activity was associated with urea and to about the same extent as was found after 
injection of “C-ethyl methanesulphonate, indicating that only a few per cent of the 
urinary radioactivity derived from the drug is present in this form. 
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TABLE 3. TABLE SHOWING RATE OF EXHALATION OF “C-CO, AFTER INJECTION OF 1-*C- 
ETHANOL 


Time after Exhaled Per cent Per cent 
injection radioactivity total injected total expired 
(hr) (ec) radioactivity radioactivity 


0-5 90 10 
1-0 17-5 
1°5 12-9 
20 10-0 
9 


~ 

~ 
~ 


Total 


Vetaholism of “C-S-Ethylcysteine 


Exhalation of “C-carbon dioxide 
Only 4-6 per cent of the injected radioactivity is expired during 48 hr, 2-3 per cent 
of which is exhaled during the first 6 hr. 


Radioactivity in urine 
Table 4 shows the rate of excretion of urinary radioactivity. The nature of the 


urinary metabolites has been discussed earlier. 


TABLE 4. TABLE SHOWING RATE OF EXCRETION OF URINARY RADIOACTIVITY AFTER 
INJECTION OF ™C-S-ETHYLCYSTEINI 


Time after Per cent 
injection total injected 
(hr) radioactivity 


0-28 27 
28-—54 5-6 
54-120 


Total 


Radioactivity in faeces 
Four per cent of injected radioactivity appeared in the faeces after two days. 


Metabolism of Methyl and Propyl Methanesulphonates 
The formation of mercapturic acids appears to be a general metabolic pathway for 
compounds of this type, since after injection of methyl methanesulphonate and propyl 
methanesulphonate (20 mg and 60 mg/200 g rat respectively), new sulphur-containing 
acids were detected in the urines, while S-methylcysteine and S-propylcysteine were 
identified after treatment with hot concentrated hydrochloric acid. 


Metabolism of S-Ethylglutathione 
Unidimensional chromatograms of urine obtained after injection of S-ethyl- 
glutathione (200 mg/2 cm*® water) were essentially similar to those obtained 
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after injection of ethyl methanesulphonate or S-ethylcysteine in that two sulphur- 
containing acids were detected, one of which possessed an R, comparable to N-acetyl- 
S-ethylcysteine. Heating the urine with hot concentrated hydrochloric acid liberated 
S-ethylcysteine. 


DISCUSSION 

4C-ethyl methanesulphonate is metabolized by two major pathways, one involving 
hydrolysis to ethanol which is rapidly metabolized and excreted, and the other, re- 
action with the thiol group of cysteine or cysteine-containing compounds such as 
glutathione or protein. Evidence for the first route of metabolism is based on the 
exhalation of radioactive carbon dioxide and the excretion of radioactive urea, 
compounds which are also metabolites of ethanol. Furthermore since S-ethylcysteine 
gives rise to only a trace of “C-carbon dioxide, and since the exhalation of “C- 
carbon dioxide from injected ethanol is extremely rapid and almost quantitative, then 
the rate of exhalation of “C-carbon dioxide after injection of “C-ethyl methanesul- 
phonate is a measure of the rate of decomposition in vivo of the drug per se, or of any 
intermediate ester formed from it. It is seen from Fig. 6 that 50 per cent of the total 
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HOURS AFTER INJECTION 


Fic. 6. Curves showing the rate of exhalation of C'-CO, following injection of C'-ethyl methane- 
sulphonate ( ) and I-'*C-ethanol (—@— @—). 


expired radioactive carbon dioxide is exhaled in 6-5 hr and if as seems reasonable this 
may be regarded as the half-life of the drug in vivo, it agrees well with the value of 7-5 hr 
obtained for its half-life in water at 37° (Dr. W. Davis, personal communication). The 
simplest explanation is that ethanol is derived directly from the drug rather than via 
an intermediate ester. As 75 per cent of the radioactivity from injected “C-ethanol, 
given in amount equivalent to that which would be formed if all the ethyl methane- 
sulphonate was hydrolysed, is actually exhaled as carbon dioxide, then the amount of 
ethyl methanesulphonate which is converted to ethanol could well be as much as 40 
per cent. 

It has been shown by a comparison of the urinary excretion patterns obtained after 
injecting rats with “C-ethyl methanesulphonate and “C-S-ethylcysteine that almost 
all (probably more than 95 per cent) of the urinary radioactivity is associated with 
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derivatives of S-ethylcysteine. While only 20 per cent of the injected radioactivity from 
C-ethyl methanesulphonate is excreted in this way, it would seem, again by com- 
paring the quantities of radioactivity excreted after administration of S-ethylcysteine, 
that this could indicate that in fact twice this amount of reaction with cysteine had 
occurred, for only a total of 45 per cent of the radioactivity from C-S-ethylcysteine 
is excreted in the urine, or exhaled as carbon dioxide during the five days after in- 
jection. Hence much of the S-ethylcysteine remains bound in the body, or more likely, 
is converted to a volatile product which is lost. In this connection it is relevant to 
mention the work of Quastel,*! who has suggested (personal communication) that the 
antitubercular effect of S-ethylcysteine and similar compounds is related to the ease of 
fission of the drugs to volatile ethyl mercaptan. From these exterpolations it would 
seem that each of these two metabolic routes accounts for nearly 50 per cent of the 
administered ethyl methanesulphonate. 

he origin of the cysteine involved in mercapturic acid synthesis was of consider- 
able importance in assessing the relevance of the findings to the reactions of the drug 
in vivo, Many compounds including halogenated benzenes and certain cyclic hydro- 
carbons are excreted as mercapturic acids. While mercapturic acid synthesis from these 
compounds is probably a complex enzymic process, we are probably concerned in 
this study with a different reaction mechanism, namely direct alkylation of an ionized 


thiol group. Since it is generally believed that the level of free cysteine in the mamma- 


lian body is low, it seems unlikely that direct alkylation of cysteine by ethyl methane- 
sulphonate has been the only route of mercapturic acid formation. Reaction between 
ethyl methanesulphonate and ionized cysteine is rapid in vitro, but so also is that with 
ionized glutathione, a compound which is present in large quantities in the reduced 
State In most mammalian viscera, connective tissue, and blood. Examination of the 


urine from rats injected with S-ethylglutathione has in fact revealed the presence of 


metabolites of S-ethylcysteine formed by hydrolysis of the peptide in vivo. This ob- 
servation Is not without precedent since a similar conversion of S-substituted gluta- 
thiones to the corresponding mercapturic acids has been observed.** For many years 
the view was held that protein thiol groups, that is those present in basic tissue and in 
enzymes, were not appreciably ionized at physiological pH and hence that their 
reactivity towards electrophilic reagents, such as the various classes of alkylating 
agents, would be low in the presence of other groups such as ionized carboxyl and 
ionized phosphate. The demonstrated ability of alkylating agents to inhibit numerous 

SH enzyme systems, such as hexokinase® and papain, and to inactive myosin 
in muscle,*’ and the more recent results of P. Alexander (personal communication) 
who has studied the action of ethyl methanesulphonate on denatured ovalbumin, would 
indicate that despite the apparent high pKa of protein SH groups reaction does in 
fact occur. Very relevant is the work of H. P. Burchfield®* who has elegantly drawn 
attention to the potentiation of reactivity of certain groups at the surface of large 
molecules due to the creation of microenvironments. It is clear from this work that 
the character of every SH group within a protein structure is unique, its properties 
being dependent on its particular environment within that structure, which will 
affect not only its pXa but also its steric availability, factors which will affect its 
reactivity towards different reagents. It is clear therefore that reactions between alkyl- 
ating agents and protein thiol groups could conceivably produce diverse pharmaco- 
logical effects depending on the particular group attacked (see later). The salient 
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factor to be mentioned here is that such alkylated proteins would almost certainly be 
metabolized to smaller fragments and give rise in this case to the derivatives of S- 
ethylcysteine found in the urine. 

The demonstrated reaction between methanesulphonates and thiol groups in vivo 
provides an explanation for the remarkable properties of the related chloroethy| 
methanesulphonate (CB 1506) which is a powerful inhibitor of the growth of the 
transplanted Walker rat carcinoma, and atypical of the mesyloxy compounds in its 
mutagenic effects on Drosophila melanogaster.*’ An earlier communication® suggested 
that reaction with cysteine in an analogous manner to that found in the case of ethy! 
methanesulphonate produces in situ S-chloroethylcysteine, or a related compound 
such as S-chloroethylglutathione which would function as a monofunctional sulphur 
mustard. The finding by Fahmy and Fahmy’ that S-chloroethylcysteine (synthesized 
by Dr. W. C. J. Ross) has the same characteristic high mutagenic effects on the early 
germ cells of Drosophila melanogaster as chloroethyl methanesulphonate has led them 
to support this view. 


The conversion of a compound in vivo to one which is able to exert more potent 
effects on the host is not without precedent. It could be envisaged therefore that the 
tumour-growth-inhibiting effects of ethyl methanesulphonate might be due to one of 
its metabolites. Accordingly S-ethylcysteine, S-ethylcysteine sulphone, S-ethyl- 


cysteine sulphoxide and ethylmercaptopyruvic acid were tested for activity against 
the transplanted Walker rat carcinoma by Professor A. Haddow. Each of these com- 
pounds except the keto-acid had a low toxicity and none had any inhibitory effect on 
tumour-growth. The keto-acid although converted to harmless metabolites was un- 
expectedly toxic. Since the products formed in vivo from ethyl methanesulphonate do 
not appear to be responsible for the biological effects of the drug, one is left with a 
number of alternative possibilities. The drug may be acting on functional groups other 
than the thiol group, as has been postulated by a number of other workers, or as is 
more likely, on a whole variety of functional groups throughout the body. 

It should be stressed that in our present state of knowledge one cannot refer to 
particular reactions on the components of tumour cells different from those on normal 
cells which result in specific tumour-growth-inhibiting effects by the alkylating agents; 
they do however exert a unique effect on dividing cells. While certain phenomena 
such as the production of gene mutations and chromosome breaks could be the result 
of reactions at particular loci, the effect on tumours, like the systemic toxicity usually 
associated with it, could be the result of diverse and distant reactions. Considering 
only alkylation of the thiol group it is not difficult to envisage the multiple pharmaco- 
logical effects which could result. It has been shown that compounds reacting with 
cysteine, sufficient to cause its depletion, can inhibit body growth. Inhibition of 
enzymes or reaction with co-factors such as coenzyme A, requiring intact —SH groups 
for their activity, could lead to an interference with many energy-yielding biosynthetic 
systems which could prevent cell division. The importance of thiol groups in the 
process of cell division has been frequently emphasized ;?" for not only has in been 
shown that their concentration varies throughout the mitotic cycle but compounds 
which can react with thiol groups inhibit cell division.*® 

In addition to their possible usefulness in the treatment of neoplastic disease, the 
alkylating agents have aroused considerable interest in cancer research by their ability 
to produce mutations and under certain conditions to initiate tumour-growth. In this 
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connection it ts interesting to recall the work of Crabtree™ which implicates reaction 
with thiol groups as a possible step in carcinogenesis 
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THE ENZYMIC OXIDATION OF CHLORAL HYDRATE TO 
TRICHLOROACETIC ACID* 


Jack R. Cooper and Paut J. FriepMan 


Department of Pharmacology, Yale University 
School of Medicine, New Haven, Conn. 


Abstract—A DPN-dependent enzyme system which catalyses the oxidation of chloral 
hydrate to trichloroacetic acid has been isolated from liver and partially purified. 
No naturally occurring substrate for this enzyme has been found. 


THAT the major metabolic pathway of chloral hydrate metabolism involves its re- 
duction to trichloroethanol, while its oxidation to trichloroacetic acid is a minor 
metabolic alteration, has been known for some time.':? In addition. it has been re- 
ported that liver slices cause the dehalogenation of chloral hydrate.* However, in no 
instance has an attempt been made to determine the specific nature of the enzymes 
catalysing these reactions. 


In this paper are described the isolation and partial purification of an enzyme which 


catalyses the oxidation of chloral hydrate to trichloroacetic acid and for which, so far. 


no physiological substrate has been found. 


MATERIALS AND METHODS 

Chloral hydrate and trichloroacetic acid were obtained commercially and assayed 
according to methods described in the U.S. Pharmacopoeia (Revision XV). Tri- 
chloroethanol was obtained from E. R. Squibb and Sons through the courtesy of 
W. A. Lott. DPN, DPNH, TPN, FMN and FAD?* were purchased from the Sigma 
Chemical Company. SKF525A, generously supplied by Glenn Ullyot of the Smith, 
Kline and French Company, was hydrolysed to diphenylpropylacetic acid. Tetra- 
ethylthiuram disulphide (‘Antabuse’) was a gift of the Ayerst Laboratories. Bromal. 
DEAE-cellulose resin and 2-benzyl-2-thiopseudourea were purchased from Distilla- 
tion Products Industries, Division of Eastman Kodak Company. Liver and yeast 
alcohol dehydrogenase were obtained from Worthington Biochemical Corporation. 

Bromal hydrate, prepared by heating bromal in water and recrystallizing the product 
from hot water, melted at 53°C. Monoamine oxidase was prepared according to the 
procedure of Weissbach et a/.* Liver aldehyde dehydrogenase was obtained from beef 
liver following the method of Racker.® Protein was determined by the method of 
Warburg and Christian.’ 

The enzyme mediating the oxidation of chloral hydrate to trichloroacetic acid was 
prepared as follows. An acetone powder of rabbit liver, prepared in the usual manner. 
was extracted at room temperature three times, each time for 10 min and with three 
volumes of phosphate buffer (0-001 M, pH 7-4). Centrifugations and all subsequent 

* Taken from a Thesis to be submitted by Paul J. Friedman for the degree of Doctor of Medicine. 


* DPN and DPNH, oxidised and reduced diphosphopyridine nucleotide; TPN, triphosphopyridine 
nucleotide; FMN, flavin mononucleotide; FAD, flavin adenine dinucleotide. 
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operations were performed at 0—3°. To the pooled extracts was added slowly (dropwise 
with stirring), 1-22 volumes of a saturated solution of ammonium sulphate (pH 8-0), 
toyielda mixture 55 percent saturated with respect toammonium sulphate. The mixture 
was then centrifuged at 20,000 « g for 15 min. To the supernate was added 0-50 
volume of the saturated solution of ammonium sulphate to bring the saturation to 
70 per cent. The preparation was again centrifuged for 15 min at 20,000 « g. The 
supernate was discarded and the precipitate (55-70 per cent ammonium sulphate 
fraction) was taken up in a small volume of water and dialysed against 6 |. of water 
for 16 hr with continuous stirring. 

The dialysed preparation (but not more than one gramme of protein) was put on a 
DEAE-cellulose column (2 = 35 cm) previously prepared by washing with a solution 
of sodium hydroxide (1 N) and then with water. The column to which the enzyme 
preparation was added was washed with water (500 ml) and phosphate buffer (0-005 M, 
pH 7-4, 250 ml), and the enzyme was then eluted with a stronger phosphate buffer 
(0-02 M, pH 7-4). Fractions of 10 ml each were collected and assayed. The contents 
of the tubes containing the enzyme activity were pooled and lyophilized. Since the 
purified enzyme is most stable in this condition, it was maintained as a lyophilized 
powder in a vacuum desiccator at 0-3°. When needed, a portion of the powder was 
taken up in a minimal amount of water and dialysed against water for 3 hr to remove 
the phosphate buffer. After dialysis, the preparation was centrifuged at 20,000 = g. 
for 10 min and the precipitate discarded. This preparation was completely free of 
alcohol dehydrogenase, lactic dehydrogenase, aldehyde dehydrogenase and DPNH 
oxidase. Whether the enzyme solution was kept frozen or was repeatedly frozen and 
thawed, the activity slowly declined at about the same rate, i.e., about 50 per cent ina 
week. The addition of serum albumin (3 mg/ml) reduced the rate of inactivation of the 
enzyme. A summary of the method of purification is given in Table 1. 


TABLE |. PURIFICATION PROCEDURI 


Preparation Total units Specific activity* 


Acetone powder extract 252,000 40 
Dialysed ammonium sulphate fraction 65,800 130 
Column eluate 19,500 1,240 


* Units (« 1000) per milligram of protein. 


Two procedures were employed in assaying enzyme activity. The first one, outlined 
below, was based on the appearance of an absorption band at 340 mu when DPN is 
reduced. With chloral hydrate in excess, the rate of reduction of DPN was proportional 
to enzyme concentration. 

Reagents: glycine-pyrophosphate buffer (0-1 M, pH 9-5) 

DPN (10 mg/ml) 
chloral hydrate (0-1 M) 
enzyme units) 

To a micro quartz cell with a i cm light-path were added buffer (0-5 ml), DPN 
(0-1 ml), chloral hydrate (0-05 ml), the enzyme sample to be assayed, and water to 
give a final volume of | ml; the reaction was started by the addition of enzyme. 
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Density readings were taken in a Beckman spectrophotometer at 340 my at one- 
minute intervals. 

A unit of enzyme is defined as that amount which caused an increase in optical 
density of 0-001 unit/min under the conditions described. 

In some crude preparations, in which DPN oxidase activity precluded an accurate 
assay of enzyme activity by the above procedure, another method was adopted which 
involved the direct determination of the trichloroacetic acid produced in the reaction. 
This procedure was also used in experiments in which it was necessary to determine 
the concentration of trichloroacetic acid. This method is as follows: concentrations 
and compositions of reagents were the same as was described above. 

To buffer (0-5 ml) in a test tube were added DPN (0-5 ml), chloral hydrate (0-2 ml), 
enzyme and water to give a final volume of 3 ml. The tube was placed in a water 
bath at 37° for 30 min, following which a solution of sulphosalicylic acid (50 
per cent, 0-3 ml) was added. The contents of the tube were mixed and centrifuged at 
2000 - g for 10 min. An aliquot (0-5 ml) was taken for measurement. according to 
the procedure of Friedman and Cooper* of the amount of trichloroacetic acid formed 
in the reaction. Appropriate standards were run simultaneously to correct for any 
effect of DPN or the enzyme preparation on the values obtained. 

Unless otherwise specified, all the data in the “Results” section of the paper are 
expressed in terms of the first assay procedure outlined above, i.e. the direct spectro- 
photometric assay based on the rate of reduction of DPN. 


RESULTS 
Coenzyme requirement 
\ thoroughly dialysed acetone powder extract or fresh homogenate of liver showed 
no activity unless supplemented with DPN. TPN could not substitute for DPN and. 
in fact, inhibited the activity of DPN when the two pyridine nucleotides were added 
to the purified preparation (Table 2). Fig. | is a Lineweaver-Burke plot® of the data 


TABLE 2. INHIBITION OF DPN spy TPN 


Coenzyme added O.D. min 1000 


DPN (1 mg) 7! 
TPN (1 mg) 

DPN (1 mg) and TPN (0-5 mg) 

DPN (1 mg) and TPN (1 mg) 

DPN (1 mg) and TPN (2 mg) 


Procedure as described under Methods. 


obtained by following the increase in the rate of the reaction with increasing concentra- 
tions of DPN. The Km for DPN was calculated to be 1-7 10-* mM. Although the 


optimal rate of enzyme activity was obtained at a level of about 2 mg DPN/ml, half 


that amount was used in all experiments, unless otherwise noted, since this extra- 
ordinarily high requirement for DPN made this procedure somewhat costly. 

No stimulation of activity was observed when glutathione, FAD, FMN, ADP or 
CoA were added to an aged preparation of the enzyme which had lost about one- 
half of its original activity. 
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Fic. |. Lineweaver-Burke plot of reaction velocity as a function of DPN concentration. 


Optimal pH 

The optimal pH for the enzymic oxidation of chloral hydrate, under the conditions 
of the assay, was 9-4—9-6. Using either tris or glycine-sodium hydroxide buffer, the 
reaction was stimulated by the addition of either phosphate or pyrophosphate (Table 
3). The stimulatory activity of these anions could not be replaced by ethylenediamine 


TABLE 3. STIMULATION BY PHOSPHATE AND PYROPHOSPHATI 


> ‘ > 
Phosphate or pyrophosphate -_ 1000 
(umoles) 
0 34 
2 54 
6 68 
12 80 


Procedure described under Methods section, except that glycine-NaOH buffer was used 


tetraacetate. At pH 8-0 and pH 10-5, the activity was decreased to about one-third 
that observed at pH 9-4~-9-6; below pH 8-0 a negligible rate of enzymic activity was 
obtained. 


Localization of enzyme activity 

(a) Species. The oxidation of chloral hydrate to trichloroacetic acid has been ob- 
served in the liver of beef, rabbit and guinea pig. 

(b) Tissue. In the rabbit, enzyme activity was found in the liver and kidney. No 
activity was observed in heart, brain or muscle, in confirmation of the experiments of 
Butler® using slices of canine tissues. 

(c) Intracellular. \n a freshly prepared liver homogenate centrifuged at 105,000 = g 
for 30 min, the enzyme catalysing the transformation of chloral hydrate to trichloro- 
acetic acid was completely recoverable in the soluble fraction of the cell. 
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Inhibitors 

The effect of various compounds, including several inhibitors of aldehyde dehydro- 
genase, on the reaction was examined; these included “Antabuse” (10~* m), p-chloro- 
mercuribenzoate (10~* M), and arsenite (10-* m), each of which was without effect. 
Similarly, diphenylpropylacetic acid (SK F-acid) which inhibits a variety of metabolic 
transformations of many drugs,'® caused no inhibition of the enzyme system when 
tested at a final concentration of 10-* mM. On the other hand, some substrates for liver 
aldehyde dehydrogenase, e.g. formaldehyde, acetaldehyde, and benzaldehyde, marked- 
ly inhibited the oxidation of chloral hydrate by the enzyme system under study. 


Balance studies 

The correspondence between trichloroacetic acid produced and DPNH formed when 
chloral hydrate is incubated with DPN and the enzyme preparation is shown in Table 
4. No reversal of the reaction could be shown when trichloroacetic acid was incubated 


TABLE 4. BALANCE STUDY 


DPN reduced 
(umoles) 


TCA formed* 
(umoles) 


Experiment I 0-100 0-096 
Experiment II 0-101 0-104 
Experiment III 0-144 0-130 


* Determined as described in text under Methods. 


with DPNH at pH 7-4, even when liver alcohol dehydrogenase was added to pull the 
reaction and, in addition, to increase the sensitivity two-fold. 


Identification of trichloroacetic acid 

An acetone powder extract of rabbit liver (40 ml), together with chloral hydrate 
(500 mg), DPN (20 mg), and glycine-pyrophosphate buffer (0-1 m, pH 9-5) was incu- 
bated for 2 hr at 37° in air. Subsequently, 4 volumes of 95 per cent ethanol were 
added; the mixture was chilled, filtered, and the filtrate concentrated to 15 ml in a 
flash evaporator at 32°. The residue in the flask was then extracted twice with 10 
volumes of ether, the ether extracts were pooled and evaporated to 20 ml under a 
Stream of air. A saturated solution of 2-benzyl-2-thiopseudourea hydrochloride (5 
ml) was added and the white crystals which formed were collected by filtration, washed 
with water and recrystallized from hot water, isoamyl alcohol, and finally ethanol 
(yield 72 mg). The melting point of the derivative was 150°C.* No depression of 
the melting point was observed when the sample was mixed with an authentic sample 
of thiocarbamide benzyl trichloroacetate." 


Substrate specificity 
Table 5 lists the compounds tested as substrates for the enzyme preparation. 
Glyceraldehyde, glycerol and 5-hydroxyindoleacetaldehyde also were without activity 


* When determined simultaneously, both the apparent derivative and the authentic product melted 
at the same temperature. However, since the product melts with decomposition, melting points could 
be obtained from 139 to 150° depending on the rate of heating. The 150° melting point was arbitrarily 
used in the text since the discoverer of the reaction lists this value. 


= 
> 
me. 
ea 
VOU 
1 
195 
4 
= 
a 
ae 
an 
i= 


The enzymic oxidation of chloral hydrate to trichloroacetic acid 


TABLE 5. COMPOUNDS INACTIVE AS SUBSTRATES 


Compound Compound 


Formaldehyde Glycerol 
Acetaldehyde 3-0-Toloxy-1 :2-propanediol 
Butyraldehyde Trichloroethanol 
Benzaldehyde a-Hydroxy-8-dimethyl-»- 
Chlorobenzaldehyde butyrolactone 
5-Hydroxyindole acetaldehyde* 
Pyridoxal 
4 Theophylline Pyridoxal phosphate 
Theobromine 
4 Caffeine Formic acid 


L-cysteine 


p-Glucose 
Uridine diphosphoglucose 
a-Methy Iglucoside 
8-Methylglucoside 
Alloxan 

pi-Glyceraldehyde 


* Prepared by incubation of 5-hydroxytryptamine with monoamine oxidase. That 5-hydroxyindole 
acetaldehyde was formed was shown by running a simultaneous control with liver aldehyde dehydro- 
genase replacing the “‘chloral hydrate dehydrogenase’. A rapid reduction of DPN occurred in this 
control cuvette 


at pH 8-0. The only substrates, other than chloral hydrate, which caused a reduction 
of DPN in the presence of the enzyme, were bromal hydrate and monochloroacetalde- 
hyde; the rate of oxidation of each was about one-half that of chloral hydrate. In an 
attempt to find a natural substrate for the enzyme, “*kochsafts” were made of guinea- 
pig liver, heart, brain and kidney and incubated with DPN and the purified prepara- 
tion. No reduction of DPN was observed with any kochsaft. 


DISCUSSION 

The most remarkable feature of this enzyme system lies in its unusual substrate 
specificity. Although it may be assumed that the enzyme has a function in the body 
other than to catalyse the oxidation of chloral hydrate to trichloroacetic acid, no 


naturally occurring substrate has so far been found. 

In studies in vivo on bromal hydrate metabolism in dogs, Butler™ obtained no evi- 
dence for either reduction to tribromethanol or oxidation to tribromoacetic acid. 
However, bromal hydrate, in the rabbit liver preparation, is oxidised, and like chloral 
hydrate, is reduced in the presence of liver alcohol dehydrogenase.’* With respect to 
chloral hydrate reduction, it is not known whether alcohol dehydrogenase is the only 
enzyme in the body which is capable of causing a reduction of the compound to 


trichloroethanol. 

In addition to the substrate specificity, two other curious phenomena exhibited by 
the enzyme system are the stimulation by phosphate and pyrophosphate and the 
usually high DPN requirement for saturation. No explanation for these observations 
can be offered at the present time. 

Returning to the question of the natural substrate of this enzyme, it is conceivable 
that this enzyme has never before been described. This investigation may then point 
out a hitherto lightly regarded facet of drug metabolism studies, namely, the use of a 
drug as a substrate to uncover new enzyme systems. 
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DER EINFLUSS MOGLICHER ADRENALINVORSTUFEN 
AUF DIE AUSSCHEIDUNG VON ADRENALIN IM HARN 
VON RATTEN 


F. BrOcke O. Kraupp, H. Openaus, B. PILLAT u.H. STORMANN 
Aus dem Pharmakologischen Institut der Universitat Wien, 
IX, Wahringerstrasse 13a, Wien 


Abstract—Using a fluorometric determination the urinary content of epinephrine in 
normal and 1-DOPA resp. HOT treated rats was investigated. 

The following results could be obtained 
(1) In normal rats the 24 hr urinary output was of the order of | yg. 
(2) Daily administration of 100 ng Methyldihydroxyphenylserine (MDOPS), or of 10 

mg |-DOPA and HOT respectively did not cause any change in the 24 hr urinary 
epinephrine output 

In a second series of experiments the urinary excretion of subcutaneously administered 
epinephrineJwas investigated in rats. It was found that following the injection of 50 
pg to 400 xg epinephrine animal, 4-5 per cent of the injected epinephrine was recovered 
in the urine. The percentage of the urinary excretion of epinephrine was independant 
of the dosage and was not altered by repeated administration of epinephrine (every 
6th day) to the same animal group throughout a period of fifty days 

Daily treatment with 10 mg 1-DOPA per animal did not lead to a significant change 
of the urinary excretion of subcutaneously administered epinephrine. However the daily 
administration of 10 mg HOT per animal produced a slight decrease in the urinary 


recoveries of injected epinephrine. 


Ober den Abbau des Adrenalins im tierischen Organismus herrscht bis heute noch 
keine endgiiltige Klarheit. Ein Abbau iiber Indolderivate,’ wie er in vitro vorliegt, 
konnte in vivo nicht mit Sicherheit nachgewiesen werden.*:*:*)> Der von Blaschko® 
angenommene Abbau durch oxydative Desaminierung wurde durch den Nachweis 
einer vermehrten Ausscheidung von 3-Methoxy-4-Hydroxymandelsdure nach Ver- 
abreichung von Noradrenalin durch Armstrong und McMillan® gestiitzt. Auch die 
Zufuhr von Dihydroxyphenylalanin (DOPA) und Hydroxytyramin (HOT) fihrte zu 
einer vermehrten Ausscheidung von Catecholséuren bzw. zu den in 3-Stellung 
methylierten Derivaten (Dihydroxyphenylessigsiure, Aller- 
dings verlduft der Abbau in quantitativer Hinsicht bei diesen Verbindungen nicht 
gleichwertig, da beim Adrenalin nach i.v. oder s.c. Zufuhr in der Regel nur etwa 1-4 
prozent der zugefiihrten Menge in unverinderter Form durch die Nieren ausge- 
schieden werden'®:"+"*., waihrend von DOPA bis zu 16 prozent im Harn unveriin- 
dert wiedergefunden wurden.’ 

In der vorliegenden Arbeit wurde nun der EinfluB eines gleichzeitigen Abbaues von 
1-DOPA bzw. HOT auf die quantitativen Verhidltnisse des Adrenalinabbaues im 
Gesamtorganismus an Hand der Verinderungea der Harn-Adrenalinausscheidung 
bie gleichzeitiger Zufuhr der beiden Vorstufen an Ratten untersucht. Hiebei war es 
aber zunichst notwendig, den EinfluB einer massiven DOPA bzw. HOT-Verabreich- 
ung auf die Adrenalin-Leerausscheidung im Harn der Tiere festzustellen, damit eine 
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eventuelle Neusynthese von Adrenalin aus diesen Verbindungen nicht einen veriinderten 
Abbau vortauschen kénnte. Bei diesen Untersuchungen wurde auch noch N-Methyl- 
Dihydroxyphenylserin (MDOPS)* als ebenfalls mégliche Vorstufe mituntersucht. 


METHODIK 
Der Nachweis von Adrenalin im Harn 
Der Nachweis von Adrenalin im Harn wurde zunidchst nach der Methode von Euler 
und Floding™ durchgefiihrt. Die Versuche scheiterten jedoch daran, daB uns zu diesem 
Zeitpunkt keine geeigneten Aluminiumoxydpriparate zur Verfiigung standen. Wir 
waren daher gezwungen, auf eine alte Vorschrift von Euler™ zuriickzugreifen und die 
Adsorption des Adrenalins an frisch gefalltem Aluminiumhydroxyd durchzufiihren. 


Bei der Elution wichen wir dann insoferne von der Euler’schen Vorschrift ab, als wir 
Phosphorsiure verwendeten, um die Entfernung des Aluminiumions durch Alkohol- 


Azeton-Fillung méglichst quantitativ zu gestalten. Im Einzelnen wurde folgen- 
dermafien verfahren 

Je 50 ml Harn wurden auf ein pH von 2.0 (elektrotitrimetrisch) gebracht und 5 Min. 
aufgekocht. Nach Abkihlung und Filtration wurden 2,5 ml 25°, ige Aluminium- 
sulfatlésung zugesetzt und hernach unter kriftigem Umriihren (magnetisches Riihr- 
werk) durch tropfenweisen Zusatz einer 2 n NaOH elektrometrisch auf ein pH von 
8.5 eingestellt. Das ausgefillte Aluminiumhydroxyd wurde zweimal (einmal Nach- 
waschen mit Wasser) abzentrifugiert und anschlieBend mit 0.7 ml konzentrierter 
Phosphorsdure in ca 20 ml Gesamtvolumen gelést. Nach vollstandiger Lésung (pH 
2,5-2.7) wurde das Aluminiumphosphat unter kriiftigem Umschiitteln durch Zusatz 
von 80 ml Alkohol-Azetongemisch (1:1) ausgefallt und abfiltriert. Nach Nachwaschen 
mit Alkohol-Azeton wurde das Filtrat am Wasserbad im Vakuum von den organischen 
Lésungsmitteln befreit und auf etwa 10 bis 15 ml eingeengt. Hierbei mu® vermieden 
werden, daf} das Filtrat véllig zur Trockenen gebracht wird, da dadurch eine teilweise 
Zerst6rung des Adrenalins (vermutlich unter Einwirkung konzentrierter Phosphor- 
sdure) bewirkt wird. Der wiissrige Riickstand wurde auf ein pH von 3,5 eingestellt und 
auf das urspriingliche Harnvolumen (50 ml) aufgefiillt. Je 1 ml dieser Endverdiinnung 
wurde mit | ml 2 n Acetatpuffer pH 3,5 versetzt und nach der Vorschrift von Euler 
und Floding’ durch Zusatz von 0,1 ml 0,25°,, Kaliumferricyanid sowie 0,1 ml 0.5%, 
Zinksulfat zu Adrenochrom oxydiert. Nach kriftigem Umschiitteln wurde 3 Min. 
spaiter die Umlagerung zu Adrenolutin durch weiteren Zusatz von | ml Ascorbin- 
siure-Natronlauge-Mischung (0,2°, Ascorbinsdure, 20°,, NaOH) durchgefiihrt. 
Nach Auffiillung mit dest. Wasser auf 10 ml wurde die Fluoreszenzintensitit dieser 
Lésung in einem Beckman-Fluorometer unter Verwendung eines Chininstandardes 
(0,25 »g/ml Chininsulfat in 0,1 n H,SO,) sowie der Filter Schott BG 12 (Eingangs- 
filter) und Schott OG 4 (Ausgangsfilter) gemessen. Die Bestimmungen wurden 1.) in 
der oben angefiihrten Weise mit der Probe allein sowie 2.) nach Zusatz von 0.2 ug 
Adrenalin und .3) in der oben angefiihrten Weise, jedoch ohne Zusatz von Ascorbin- 
Sdure zur Ermittlung des Fluoreszenzleerwertes der einzelnen Harneluate durchge- 
fuhrt.—Berechnet wurden A) die Differenz der Fluoreszenzintensititen von 1.) 
und 3.) (die durch den Adrenalingehalt im Harn verursachte Fluoreszenz) und B) die 
Differenz der Intensitaten zwischen 1.) and 2.). Aus diesen Differenzwerten konnte 


* Wir danken den Chemikern der Fa. Philips, Weesp, Holland fiir die Synthese und Bereitstellung 
der fiir diese Versuche benétigten Substanzmengen von MDOPS. 
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durch Vergleich der Adrenalingehalt der Probe bzw. nach Multiplikation mit dem 
Verdiinnungsfaktor im Harn berechnet werden. 

Zuniachst wurde die Brauchbarkeit der Nachweismethodik an Hand einer Reihe 
von Leerversuchen gepriift. Nach Adsorption von Adrenalin aus Wasser und Bestim- 
mung in den Eluaten wurden im Mittel 95,5 — 5,0°,, der zugesetzten Adrenalinmenge 
(10 Werte zwischen 10-20 ug) wiedergefunden. 

Eine Wiederholung dieser Versuche mit Adrenalinzusdtzen zu Rattenharn ergab 
eine Wiedergewinnungsquote von durchschnittlich 70°,. Hierbei konnte jedoch 
festgestellt werden, auch die Fluoreszenzintensitét der Kontrollzusatze (0,2 yg 
Adrenalin) in den Harnextrakten bis zu 50°,, abgeschwiacht war. Eine Hemmung der 
Adrenalinfluoreszenz in unverdiinnten Eluaten von Harnproben wurde auch von 
Pitkinen'® beobachtet, wobei dieser Effekt durch entsprechende Verdiinnung zum 
Verschwinden gebracht werden konnte'’. Aus diesem Grunde fiihrten wir unsere 
Untersuchungen in der Folge zusatzlich zum unverdiinnten Eluat mit 2 Verdiinnungen 
des Eluates (1:2 und 1:4) durch. Es zeigte sich, daf} dem Harn zugesetztes Adrenalin 
(10 Versuche mit 5—20 yg) bei Nichtverdiinnung mit 71,1 12,2°.,, bei Verdiinnung 
1:2 mit 80.4 9,2°,, und bei Verdiinnung 1:4 mit 95,9 7,1°, wiedergefunden 
werden konnte 

Aus diesen Ergebnissen geht hervor, daB in unseren Versuchen erst beiein er Eluat- 
verdiinnung auf das Vierfache des urspriinglichen Harnvolumens eine weitgehende 
verlustfreie Bestimmung des Adrenalins méglich war. In der Folge wurde bei allen 
untersuchten Harnproben die Adrenalinbestimmung in den Eluaten nach Verdiinnung 
auf das Doppelte sowie auf das Vierfache des urspriinglichen Harnvolumens durchge 
fiihrt. Um gleichzeitig auch einen Anhaltspunkt dafiir zu haben, ob der Verdiinnungs- 
grad geniigend war, wurde fallweise auch eine Verdiinnung 1:8 untersucht. Die untere 
Grenze des Nachweises von Adrenalin aus Menschen-oder Rattenharn lag bei der 
hier mitgeteilten Methode bei 0,5 »g/100 ml. 


Versucheiiber den EinfluB von MDOPS, |-DOPA und HOT auf die Adrenalinbestim- 
mung im Harn 

In den in den Abschnitten I] und IV beschriebenen Versuchen erhielten die ein- 
zelnen Tiergruppen wahrend der Periode der Harnsammlung maximal 300 »g MDOPS, 
sowie 30 mg 1-DOPA bzw. HOT. Bei roher Annahme einer Ausscheidungsquote von 
rund 10°,, im Harn muBte mit einem maximalen Gehalt dieser Substanzen von ca 
30 ng MDOPS, 3 mg 1-DOPA bzw. HOT in den untersuchten 24-Stunden-Harn- 
mengen bzw. in den verdiinnten Elutionsansatzen der fluorometrischen Bestimmung 
mit einem Gehalt von rund 0,3 «.g MDOPS bzw. 30 ug 1-DOPA oder HOT gerechnet 
werden. Bei der Ausfiihrung der Oxydation bzw. der fluorometrischen Bestimmung 
nach der von Euler und Floding' angegebenen Vorschrift bei einem pH von 3,5 
konnten wir feststellen, daB nur 1-DOPA in den oben angefiihrten Konzentrationen 
eine nennenswerte Fluoreszenz bzw. St6rung der Adrenalinbestimmung verursacht. 
Diesbeziiglich durchgefiihrte Leerversuche mit der von uns verwendeten Nach- 
weismethode ergaben, dai 1-DOPA zu rund 50°, der im Harn zugesetzten Menge in 
den Eluaten aufscheint und Stérungen des Adrenalinnachweises ab Harn-DOPA- 
Konzentrationen von | mg/50 ml in Erscheinung treten. Bei Annahme einer 10°, 
igen DOPA-Ausscheidung in unseren Versuchen wirde eine solche St6rung gréBe- 
nordnungsmaBig zu einer 50°,igen Vermehrung der Adrenalinleerausschittung 
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fiihren. Tatsachlich konnte in den unter II beschriebenen Versuchen in keinem Falle 
ein Anstieg der Adrenalinleerausscheidung im Harn unter 1-DOPA festgestellt 
werden. Dies scheint dafiir zu sprechen, daB 1-DOPA in unseren Versuchen nahezu 
volistandig abgebaut wurde. Dies ist ohne weiteres méglich, da Pellerin und D'lorio® 
bei ihren Versuchen mit 15°, Ausscheidung von DOPA im Harn das Racemat ver- 
wendet haben und d+ DOPA bekanntlich fermentativ langsamer abgebaut wird. 


Durchfuhrung der Rattenversuche 

Die Versuche wurden an Albinoratten im Gewicht von 150-200 g durchgefiihrt. 
Je 3 Tiere wurden dabei in einen Diuresekafig zusammengesetzt und der 24-Stunden- 
Harn der Gruppe unter Vorlage von 1.0 ml konz. HCI gesammelt. Alle 24 Stunden 
wurden die Tiere | Stunde lang in einem Kafig mit Rattenkeks (Zusammensetzung 
siche Lembeck"*) gefiittert. Wahrend der Harnabnahme erhielten die Tiere Wasser ad 
libitum und geschnittene Feldriiben. Unter diesen Bedingungen konnten wir die Tiere 
bis zu 4 Wochen in den Diuresekdfigen ohne allzu grofen Gewichtsverlust halten. 
Alle untersuchten Substanzen wurden s.c. verabreicht. 


VERSUCHSERGEBNISSEI 


|. Leerausscheidung von Adrenalin im Harn von Ratten 


Zu Beginn jeder Versuchsreihe wurden an 5 hintereinanderfolgenden Tagen die pro 


Gruppe (jeweils 3 Tiere) innerhalb von 24 Stunden ausgeschiedenen Adrenalinmengen 
bestimmt. An insgesamt 6 Gruppen konnten dabei die nachfolgenden Durchschnitts- 


werte aus den einzelnen 5 Tage-Perioden ermittelt werden: 
3,34; 2,86; 3,42; 2,46; 3,30; und 4,04 ug/24 St. 


Diese Werte stimmen ausgezeichnet mit den Ergebnissen von Pitkanen'® iiberein, 
die ebenfalls mit einer fluorometrischen Nachweismethode an Wistar-Ratten eine 
Adrenalinieerausschiitttung von rund 0,2 «g/5 Stunden/Tier, d.s. anndihernd | 
ug/24 Stunden, als taghiche Ausscheidung eines Tieres fand. 

An 2 Gruppen wurde ferner die Reaktionsfihigkeit des Nebennierenmarkes an 
Hand der zusidtzlichen Adrenalinausscheidung durch die Nieren nach vorheriger 


0°08 1.U. InBulin/100g 


pg Adrenalin/24"/ 3Tiere 
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Ass. |. Adrenalingehalt des 24-Stunden-Harnes von Ratten unbehandelt und nach Verabreichung 
von 0,08 I.U. Insulin 100 g. 
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Verabreichung von Insulin untersucht. Abb. 1 gibt einen derartigen Versuch mit 
einer der Gruppen wieder. (Abb. 1). 

In insgesamt 4 Versuchen wurde nach Verabreichung von 0,08 I.E. Altinsulin 
NOVO/100 g Tiergewicht s.c. ein Ansteigen der 24-Stunden-Harn-auscheidung von 
Adrenalin auf Werte von 10,2 ug; 11,0 ug; 9,5 ug u. 9,8 ug pro Gruppe beobachtet. 
Nach Abzug des Wertes der Leerausscheidung ergibt sich somit aus unseren Versuchen 
eine durch die Insulinverabreichung bedingte Mehrausscheidung von etwa 7,0 yg 
pro Gruppe bzw. 2,3 ug pro Tier. Dieser Wert stimmt ebenfalls ausgezeichnet mit der 
von Pitkanen’*® (Fig. 17) fiir dieselbe Insulindosierung beobachteten Adrenalinaus- 
scheidung uberein. 


I] Leerausscheidung von Adrenalin im Harn nach Verabreichung von 1-DOPA, HOT 
und MDOPS 

Die Versuche wurden in der Weise durchgefiihrt, daB an Ratten einheitlichen Ge- 
schlechtes in Gruppen zu je 3 Tieren zunichst 8 Tage lang in Zwei-Tagesperioden 4 
mal die Leerausschiittung von Adrenalin im Harn bestimmt wurde. Ab dem 8. Tag 
erhielt eine Gruppe 100 »g/Tag/Tier MDOPS, je eine Gruppe | mg/Tag/Tier 1-DOPA 
bzw. HOT und je 2 Gruppen 10 mg /Tag/Tier/1-DOPA bzw. HOT subcutan durch 14 
Tage hindurch zugefiihrt. Wahrend dieser 14-tagigen Untersuchungsperiode wurde bei 


100 ug/die/ Tier MDOPSsc 


ERK 


Img/die/Tier DOPAsc 
mg/die/Tier DOPAs.c 


> 


ImgAdie/Tier HOTs.c 
10mg/die/Tier s.c 
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Ass. 2. Adrenalinleerausscheidung im Harn von Ratten mit und ohne gleichzeitige Verabreichung 
von MDOPS (oberes Drittel), 1-DOPA (Mitte) und HOT (unteres Drittel). Die schwarzen Balken 
geben die Zeitperiode der zusdtzlichen MDOPS, 1-DOPA und HOT-Verabreichung an. 
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allen Gruppen die Adrenalinausscheidung im Harn in 48- SS laufend 
durchgefiihrt. = Ergebnisse dieser Untersuchungen sind i n Abbildung 2 wieder- 
gegeben. (Abb. 2 

Aus der Abbildung kann entnommen werden, da bei keiner Gruppe eine Erhéhung 
der Adrenalinausschiittung durch die Behandlung mit den angefiihrten Brenzkatech- 
inderivaten zu beobachten war. Achuliche negative Ergebnisse wurden nach ein- 
maliger Verabreichung von MDOPS an Kaninchen von Schmitterléw!® mittels 
biologischer Nachweismethodik und von Pellerin und D’lorio® fiir 1-DOPA nach 
eimaliger Verabreichung an Ratten mittels radioaktiver Messmethode erhoben. 
Unsere Ergebnisse zeigen, daB auch nach 14 tagiger Verabreichung héchster Dosen 
dieser als Vorstufen fiir Adrenalin angesprochenen Verbindungen keine zusitzliche 
Ausscheidung von Adrenalin im Harn von Ratten in Erscheinung tritt. 


II] Ausscheidung von Adrenalin im Harn nach s.c. Zufuhr von Adrenalin an Ratten 

(A) Abhangigkeit des Bruchteils des im Harn wiedergefundenen Adrenalins von der 
subcutanen Adrenalindosis.—\n diesen Versuchen wurde der Bruchteil des im Harn 
nach subcutaner Verabreichung wiedergefundenen Adrenalins in der Weise bestimmt, 
daf} wieder an Gruppen zu je 3 Tieren zunichst in 2 aufeinander folgenden 48- 
Stunden-Perioden die Adrenalin-Leerausscheidung bestimmt wurde. AnschlieBend an 
diese Vorperiode wurde Adrenalin-bitartrat in 0,5—1°,, Lésung in Dosen von 25 ug 
bis 400 «g/Tier subcutan verabreicht und der Adrenz ilingehalt des darauffolgenden 
24-Stunden-Harnes bestimmt. Von dem Adrenalinwert der auf die Injektion folgen- 
den 24-Stunden-Harnperiode wurde der aus den Vorperioden ermittelte durchschnitt. 
liche Wert der Adrenalin-Leerausschiittung abgezogen und die so erhaltenen Werte in 
Abb. 3 als Ordinate gegeniiber der verabreichten Adrenalindosis als Abszisse auf- 
getragen (Abb. 3) 


24h Adrenalinausscheidung in po / Gruppe 


T T T 


1000 
Adrenalindosis in ug /Gruppe 


Ass. 3. Abhingigkeit der Adrenalin-24- -Stundenausscheidung im Harn von der subcutanen Zufuhr 
verschiedener Adrenalinmengen. 
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Aus den Werten der Abb. 3 ist ersichtlich, da zwischen der verabreichten Dosis 
und der im Harn wiedergefundenen Adrenalinmenge eine lineare Abhiangigkeit 
besteht. Die Berechnung der Regressionsgeraden aus den einzelnen Werten ergab 
die folgende Gleichung: y 0,96 + 0,0477x (y: ug Adrenalin im Harn, x: pg 
Adrenalin s.c.). Der entsprechende K orrelationskoefizient betrigt + 0,986 (P < 0,001). 
Der Wert des Regressionskoefizienten von 0,0477 zeigt an, daB in samtlichen Ver- 
suchen unabhingig von der verabreichten Dosis durchschnittlich 4,77°,, als unver- 
aindertes Adrenalin im Harn wiedergefunden werden konnte. 


(B) Verhalten der Adrenalinausscheidung im Harn bei wiederholter s.c. Verabreic hung 
von Adrenalin—Fir das Studium des Einflusses der verschiedenen Brenzkatechin- 
derivate auf die Ausscheidung von zugefiihrtem Adrenalin im Harn war es zuniichst 
notwendig, das Verhalten der Adrenalinausscheidung durch die Nieren bei wieder- 
holter subcutaner Verabreichung zu untersuchen. Zu diesem Zwecke wurde an einer 
Gruppe von 3 Ratten iiber einen Zeitraum von 6 Wochen jeden 6.Tag 600 ng Adrena- 
lin (200 wg je Tier) injiziert und die Adrenalin-Harnausscheidung sowohl in den 
Leerperioden wie auch in den unmittelbar auf die Injektionen folgenden 24-Stunden- 
Harnen untersucht. Das Ergebnis dieser Versuchsreihe ist in Abb. 4 wiedergegeben und 
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Ass. 4. Adrenalinausscheidung im Harn (24-Stundenwert) einer Gruppe von 3 Ratten unter inter- 
mittierender Zufuhr von je 200 wg Adrenalin pro Tier. Die Pfeile am oberen Rand der A bbildung 
geben den Zeitpunkt der einzelnen Adrenalinverabreichungen an. 


zeigt, daf} auch bei 6 maliger Wiederholung der Adrenalinbelastung keinerlei Aende- 
rung der GréBe des Bruchteils des im Harn wiedergefundenen Adrenalins in Erschei- 
nung trat. Als unangenehme toxische Nebenerscheinungen traten gegen Ende dieser 
Versuchsreihe bei den Tieren an den Injektionsstellen groBflachige Fellnekrosen auf, 
die jedoch eine sehr gute Heilungstendenz aufwiesen. Bei einer zusammenfassenden 
Betrachtung der hier mitgeteilten Versuche iiber die Harnausscheidung von subcutan 
zugefiihrtem Adrenalin mu vor allem die Konstanz-und Dosisabhangigkeit der 
Adrenalinausscheidungsquote hervorgehoben werden. Diese Konstanz des ausge- 
schiedenen Bruchteils erfolgte auch unabhangig von der jeweils produzierten Harn- 
menge, da die bekannte diuretische Wirkung des Adrenalins?®.* auch in unseren 
Versuchen mit einer deutlichen Dosisabhingigkeit in Erscheinung trat, wobei vor 
allem bei Dosen iiber 100 »g/Tier ein Ansteigen der 24-Stunden-Harnmenge von etwa 
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durchschnittlich 11 ml in den Leerperioden auf 30 bis 50 ml zu beobachten war. Aus 
diesen Ergebnissen erscheinen die folgenden SchluBfolgerungen berechtigt, daB 1.) von 
der jeweils subcutan zugefiihrten Adrenalinmenge nach Resorption ein bestimmter 
gleichbleibender Bruchteil in den Nierenglomeruli abfiltriert wird. Dieser Anteil 
scheint unbeeinfluBt von der gleichzeitigen Wirkung des Adrenalins auf die tubulire 
Riickresorption von Wasser und Chlorid zur Ausscheidung zu gelangen; 2.) da der 
Anteil der Nierenclearance an der Totalclearance des Adrenalins ein sehr geringer ist 
und sich dieses Verhiltnis in einem Dosenbereich von 25-400 yug/Tier (125 
mg/kg) als konstant erweist. Diese letztere Feststellung beinhaltet jedoch, da®B die 
Kapazitiét der extrarenalen Eliminationsmechanismen des Adrenalins selbst bei 
toxischen Dosen ausreicht, um den Anteil der extrarenalen Elimination unvermindert 


aufrecht zu erhalten 


1V. EinfluB von 1-DOPA und HOT auf die Harnausscheidung von subcutan zuge- 
fiihrtem Adrenalin 

Nachdem in den beiden voranstehendue mitgeteilten Untersuchungsreihen die 
Dosisunabhingigkeit sowie die zeitliche Konstanz der Ausscheidungsquote des 


Adrenalins bei wiederholter Zufuhr festgestellt werden konnte, wurde nunmehr in 


weiteren Versuchsreihen die Wirkung einer Belastung der chemischen Adrenalinab- 


baumechanismen durch tagliche massive Zufuhr von 1-DOPA und HOT auf die renale 
Elimination von Adrenalin studiert. Die Versuche wurden in der Weise durchgefiihrt, 
an je 4 Gruppen zu je 3 Ratten zunichst die Ausscheidungsquote des Adrenalins 
nach verschiedenen subcutanen Dosen ausgetestet wurde. AnschlieBend an diesen 
Vorversuch wurden durch 21 Tage hindurch an 4 Gruppen tiglich 10 mg/Tier |-DOPA 
und an 4 weiteren Gruppen 10 mg Tier HOT subcutan verabreicht 
innerhalb dieser 3 wéchigen Verabreichungsperiode wurde am 6., 12., u. 18. Tag 
das renale Adrenalinausscheidungsvermégen bei Verabreichung 4 verschiedenet 
subcutaner Adrenalindosen (50, 100, 200 u. 400 «g/ Tier) untersucht. Die s.c. Adrenalin- 
injektion wurde dabei immer |/2 Stunde nach der an diesem Tage filligen 1-DOPA 
oder HOT Injektion verabreicht und von da ab die 24-Stunden-Harnmenge gesammelt, 
in der dann der Adrenalingehalt bestimmt wurde. Die bei beiden Versuchsreihen 
erhaltenen Ergebnisse sind in Abb. 5 fiir 1-DOPA und HOT getrennt graphisch 
dargestellt (Abb. 5). In der Abb. 5 wurde der Prozentsatz des nach subcutaner Ver- 
abreichung wiedereefundenen Adrenalins als Ordinate gegeniiber der Dauer det 
|-DOPA-bzw. HOT— Behandlung aufgetragen. Es ist daraus ohne weiteres ersichtlich, 
dai unter der 2! tigigen 1-DOPA Behandlung keine Aenderung des Anteiles der 
renalen Adrenalinausscheidung an der Gesamtelimination in Erscheinung tritt 
Hingegen ist bei den HOT-Versuchen eine deutliche Tendez der Verringerung der 
renalen Ausscheidungsquote zu erkennen. Zusammenfassend kann aus dem Verlauf 
dieser Versuche festgestellt werden, dai durch die gleichzeitige Belastung des Organis- 
mus mit |1-DOPA und HOT in keinem Falle eine Erhéhung des Anteiles der renalen 
Adrenalinausscheidung an der Gesamtelimination beobachtet werden konnte. Dies 
la4Gt darauf schlieBen, dai der oxydative Abbau des Adrenalins im Organismus durch 
Zufuhr hoher Dosen von 1-DOPA und HOT in seiner Wirkung nicht beeintriichtigt 
wird, obwohl 1-DOPA und HOT geréftenteils im Organismus zu Derivaten der 
Dihydroxyphenylessigsdure sicher in dhnlicher Weise wie Adrenalin oxydativ abgebaut 
werden.*:’-” Was das Absinken der renalen Ausscheidungsquote von Adrenalin unter 
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der chronischen Zufuhr von HOT anbetrifft, so mu beriicksichtigt werden, daB die 
verwendete Dosierung (10 mg/Tier entsprechend etwa 50 mg/kg) bereits zu ziemlich 
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Ans. 5. EinfluB von 1-DOPA bzw. HOT (in taglichen s.c.-Dosen von etwa 50 mg kg) auf die renale 
Ausscheidung von subcutan zugefiihrtem Adrenalin an Ratten. Ausgefiillte Dreiecke: 50 ug. volle 
Kreise: 100 ug, leere Dreiecke: 200 wg und leere Kreise: 400 «g Adrenalin pro Tier s.c.. 


starken toxischen Erscheinungen fiihrte. Es kann daher nicht ganz ausgeschlossen 
werden, da{} das beobachtete Absinken der renalen Ausscheidung von Adrenalin in 
ursichlichem Zusammenhang mit dem toxischen Zustand der Tiere steht. 
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SOME SULPHUR CONTAINING AMINO-ACIDS OF 
BIOLOGICAL INTEREST 


T. A. CONNORS AND W. C. J. Ross 


The Chester Beatty Research Institute, Institute of Cancer Research, 
The Royal Cancer Hospital, London, S.W.3 


Abstract—a-Methylmethionine, a-methylethionine, «-amino-a-methyl-y-propylthio- 


butyric acid, a-methylcysteine, and S-2-chloroethylcysteine hydrochloride have been 


and 8-methylmethionine have tumour 


prepared. Preliminary results indicate that 


growth promoting properties towards the Fujinami fowl sarcoma in egg culture whilst 


a-methylcysteine and a-methylethionine have similar properties towards the transplanted 
Walker rat carcinoma a similar mutagenic effect 
on the male germ line in Drosophila to that produced by 2-chloroethyl methanesul- 
phonate (CB 1506) 


S-2-chloroethylcysteine produces 


AMINO-ACID antagonists merit investigation as possible chemotherapeutic agents 
because the synthesis of proteins must be an essential factor in the continued growth 
of tumours.' Work? has recently suggested that mixed anhydrides of nucleotides and 


amino-acids are intermediates in the synthesis of both proteins and nucleic acids. 
The implied possibility that amino-acid antagonists might also inhibit nucleic acid 
synthesis receives support from the investigations of Pardee and Prestidge.* It has been 
known for some time that certain methylated amino-acids are antagonists of the 
corresponding naturally occurring amino-acid.‘ Another point of interest 1s that 


a-methyl amino-acids are more strongly concentrated intracellularly, the structure of 
the methylated amino-acid favouring chelation and hence transport across the cell 
membrane.® The preparation of three new a-amino-acids is now reported. 

Ethionine is a well-established antagonist of methionine and its a-methyl derivative 
has been prepared as a compound of similar properties which would more readily 
concentrate within cells. Ethanethiol condensed with methyl vinyl ketone giving 


Et) which was converted successively into the hydan- 
Et) essentially by the method of 
C,H.) was similarly 
C,H,) 


l-ethylthiobutanone-3 (1, R 
toin (II, R Et) and a-methylethionine (III, R 
Reisner.*® a-Amino-a-methyl-ypropylthiobutyric acid (III, R 
C,H,) and the hydantoin (II, R 


prepared by way of the ketone (I, R 


(Il) RSCH,CH,C-Me-CONH 
NH—-—CO 


(1) RSCH,CH,COMe 


(111) RSCH,CH,C-Me-COOH 
NH, 


The work of Weisberger® has indicated that cysteine may play a unique role in the 
metabolism of leucocytes and he has shown that at least one cysteine antagonist, 
selenocysteine, exerts an inhibitory effect on experimental and clinical leukaemias. 
Although aa’-dimethylcystine has been referred to in the literature’ its preparation 
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and that of a-methylcysteine do not appear to have been published yet.* 1-Benzylthio- 
propane-2 (IV), formed by condensing bromoacetone with benzylmercaptan, may be 
converted into the hydantoin and S-benzyl-a-methylcysteine (V, R = PhCH,) in the 
usual manner. The benzyl derivative affords a-methylcysteine (V, R = H), isolated as 
the hydrochloride, on reduction with sodium in liquid ammonia (cf. *). 


(IV) PhCH,SCH,COMe RSCH,C-Me-COOH 
NH, 


These a-methylamino-acids cannot be titrated by the normal formol method; very 
indefinite end-points are obtained. This is probably due to the effect of the methyl 
group on the dissociation of the carboxyl group. Weak or negative ninhydrin colours 
are given In aqueous solution but a strong positive reaction can be obtained by heating 
on paper as in the development of a paper chromatogram. This is consistent with the 
report® that amino-acids carrying an a-methyl substituent are less readily decarboxyl- 
ated for such decarboxylation is presumed to preceed colour formation in the nin- 
hydrin test. 

a- and y-methylmethionine have previously been examined as methionine antago- 
nists*® and the §-methyl derivative has now been prepared for test. Propylene oxide 
condensed with methanethiol to give 1-methylthiopropan-2-ol (VI, X = OH) which 
on heating with hydrochloric acid yielded 2-chloro-1-methylthiopropane (VI, X = Cl): 


this was characterised by the preparation of the sulphilimine (VII) by the method of 


Mann and Pope.'® 
(VI) MeCHX-CH,SMe (VII) Me SO.N :SMe-CH,CH Me-C] 


(VIII) MeSCH,CHMe-C (COOED), (IX) MeSCH,CHMe-CH-COOH 
NHAc NH, 


Condensation of the chloride (VI, X Cl) with diethyl acetylaminomalonate 
afforded the diethyl ester of acetylamino-(2-methylthioisopropyl)malonic acid (VIII) 
and this on acid hydrolysis gave 8-methylmethionine (1X). The chloride (VI, X = Cl) 
was previously prepared by Hunt and Marvel! by the action of thionyl chloride on 
the product obtained by condensing 1-bromopropan-2-ol with methylmercaptan in 
alkaline solution: the method described in the present paper is more convenient. 

2-Chloroethy! methanesulphonate (CB 1506) has been shown to inhibit the growth 
of transplanted animal tumours" and to have unusual mutagenic properties." 
Roberts and Warwick" have shown that following administration of ethyl methane- 
sulphonate to rats, S-ethylcysteine appears in the urine and it seems reasonable to 
assume that S-2-chloroethylcysteine would be formed in vivo following the administra- 
tion of the chloroethyl methanesulphonate. This cysteine derivative has now been 
prepared for examination as a cytotoxic agent. Cysteine was hydroxyethylated by 
treatment with ethylene oxide in buffered solution and the resultant compound 
(X, X OH) was converted into the hydrochloride of S-2-chloroethylcysteine (X, 


* Since this paper was submitted Arnstein (Biochem. J. 68, 333 (1958) has described the prepara- 
tion of aa’-dimethylcysteine. 
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X = Cl) by heating with concentrated hydrochloric acid. An attempt to prepare a 
sulphilimine from S-2-chloroethylcysteine was unsuccessful. 


(X) XCH,CH,SCH,CH-COOH 
NH, 


EXPERIMENTAL 
All melting points, which are corrected, were taken in sealed capillaries. 


1-Ethy/lthiobutan-3-one 

A mixture of methyl vinyl ketone (35 g) and ethylmercaptan (41 g) containing cupric 
acetate (300 mg) and hydroquinone (300 mg) was stirred at room temperature for 2} 
hr. After heating at 70° for $ hr the mixture was allowed to stand overnight and then 
after diluting with ether (200 ml) it was washed with lead acetate solution (to remove 
unreacted mercaptan), then with water and finally dried over calcium chloride. 
Distillation of the product gave 1-ethylthiobutan-3-one, b.p. 100—-104°/25 mm, 
2:4-dinitrophenylhydrazone, m.p. 89-92°. Cardwell'® gives b.p. 84°/19 mm, 2:4- 
dinitrophenylhydrazone, m.p. 90-92°, for the ketone obtained by condensing ethyl 
mercaptan with 2-chlorethyl methyl ketone. 


Ammonium carbonate (187 g) was added to a well-stirred mixture of 1-ethyl- 
thiobutan-3-one (52 g), sodium cyanide (31 g), and 30 per cent aqueous ethanol 


(410 ml) and the whole was maintained at 58-62° for 18 hr. The solution was then 
evaporated to low bulk, acidified to Congo red with concentrated hydrochloric acid, 
and finally evaporated to dryness. A 98 per cent aqueous ethanol extract of the resi- 
due was evaporated to dryness and then extracted with ether. The addition of light 
petroleum (b.p. 40-60°) to the ethereal solution caused the precipitation of solid, 
m.p. 116—-119° (yield: 45-8 g). After recrystallization from ether-light petroleum the 
hydantoin formed plates, m.p. 117-118° (Found: N, 13-6; S, 15-1. C,H,,O.N.S 
requires N, 13-8; S, 15-8 per cent). 


a-Methylethionine 

The above hydantoin (15 g), barium hydroxide octahydrate (50 g), and water (240 
ml) were heated in a pressure bottle at 155-160° for 4 hr. The precipitated barium 
carbonate was filtered off and ammonium carbonate (7-4 g) was added to the filtrate. 
The clear filtrate from this mixture was evaporated to dryness under reduced pressure 
and the residue was ground under acetone and then collected by filtration. The yield 
was 8-5 g of material, m.p. 280-282°. This a-methylethionine was crystallized by 
dissolving in water (10 parts) and carefully adding hot acetone (40 parts) followed by 
slow cooling. In this way fine matted needles, m.p. 280—282° (after drying at 90°) 
were obtained (Found: C, 47-6; H, 8-7; S, 16-9; N, 7-8. C;H,,O.NS requires C, 47-4; 
H, 8-5; S, 18-0; N, 7-9 per cent). 


a-Amino-a-methyl-y-propylthiobutyric acid 
1-Propylthiobutan-3-one, b.p. 104—-105°/21 mm, prepared from n-propylmercaptan 
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by the above method (Rothrock”’ gives b.p. 107-111°/20 mm) was characterized by 
the preparation of its 2:4-dinitrophenylhydrazone, orange needles, m.p. 62°, from 
ether-cyclohexane (Found: C, 47-5; H, 6-0; N, 17-1. C,sH,,O,N,S requires C, 47-8; 
H, 5-6; N, 17:2 per cent). 4-[2'-(Propylthio)ethyl]-4-methylhydantoin, m.p. 98-100°, 
fine needles from isopropyl ether (Found: C, 49-4; H, 7-4; N, 12-8. C,H,O,N,S 
requires C, 50-0; H, 7-5; N, 13-0 per cent), obtained in the usual manner from the 
thiobutanone, on hydrolysis with barium hydroxide gave a-amino-a-methyl-y-propyl- 
thiobutyric acid, m.p. 279°, fine needles from aqueous acetone (Found: C, 50-5: 
H, 8-8; N, 7:2; S, 16-2. CH,,O,NS requires C, 50-2; H, 9-0; N, 7-3; S, 16-8 per cent). 


1-Benzylthiopropan-2-one 

To a solution of sodium (4-6 g) in absolute ethanol (200 ml) was added benzyl- 
mercaptan (23-5 ml) and then bromoacetone (18-4 ml) was run into the vigorously 
stirred mixture during 15 min at room temperature. After heating at 45° for 50 min 
the alcohol was removed under reduced pressure and the residue was extracted with 
ether. The washed ether extract was stirred with a saturated solution of sodium 
bisulphite when a precipitate slowly formed. Next day this was collected by filtration 
and washed with ethanol and ether. The finely ground bisulphite complex (57-5 g) 
was shaken with hydrochloric acid (200 ml, 2 N) and ether (500 ml) until all the solid 
had dissolved. The ethereal solution was then dried over calcium chloride and con- 
centrated under reduced pressure. The light yellow oil (19 g), which tended to decom- 
pose on distillation, formed a semicarbazone, m.p. 121-122°; Wahl'* gives m.p. 
123° for this derivative of the ketone obtained by condensing chloroacetone with 
benzylmercaptan 


S-Benzyl-a-methylcysteine 

Che above ketone (38.5 g) was submitted to a modified Strecker reaction as already 
described and the resulting 4-(benzylthiomethy!)-4-methylhydantoin (22-8 g), m.p. 
120-122°, formed fine needles from ether-light petroleum (b.p. 60-80°) (Found: 
C, 57-5; H, 5-6; N, 11-7; S, 12-2. C,,H,,O.N.S requires C, 57-6: H, 5-6; N, 11-3: S, 
12:8 per cent). Hydrolysis of the hydantoin (16-2 g) at 160° with aqueous barium 
hydroxide afforded S-benzy/-a-methylcysteine (13-8 g) which on recrystallization from 
water formed rosettes, m.p. 237-238° (Found: C, 58-4: H, 6-9: N, 66: S, 13-7. 
C,,H,;O,NS requires C, 58-7; H, 6-7; N, 6-2; S, 14-2 per cent) 


a-Methylcysteine hydrochloride 

The S-benzyl! derivative (5 g) was dissolved in liquid ammonia (100 ml) and to the 
well-stirred solution sodium shavings were added until the blue colour in the solution 
persisted for 15 min. Ammonium chloride was added carefully until the blue colour 
was discharged and then two equivalents of the salt (2-4 g) were introduced. The am- 
monia was allowed to evaporate and the residue was extracted with dry ether to re- 
move toluene and then dissolved in water (20 ml). The addition of warm mercuric 
chloride solution (350 ml, 10 per cent) gave a white precipitate which was collected by 
centrifuging and washed with fresh mercuric chloride solution. An excess of hydrogen 
sulphide was passed through an aqueous suspension of the precipitate and the mixture 
again centrifuged. The clear colourless supernatant liquid was evaporated to dryness in 
an atmosphere of nitrogen under reduced pressure and the residue extracted with 
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methanol (20 ml). On being allowed to evaporate in a vacuum desicator over calcium 
chloride this solution gave large prismatic crystals of a-methylcysteine hydrochloride 
(2-0 g), m.p. 190-195° (Found: C, 28-1, H, 6-0; N, 8-1; Cl, 20-8; S, 18-4. C,H,O,NS. 
HCI requires C, 28-2; H, 5-8; N, 8-2; Cl 20-7; S, 18-6 per cent). 


1-Methylthio-2-chloropropane 

Methylmercaptan was generated by the action of alkali on S-methylisothiourea 
sulphate (206 g, see Organic Syntheses!'*) and passed into an ice-cooled aqueous solu- 
tion of sodium hydroxide (200 ml, 5 N) and the resulting solution was 3-33N with re- 
spect to thiol (iodine titration). A slight excess of propylene oxide (35 ml) was then 
added to the cooled solution and the mixture was allowed to reach room temperature 
overnight. An ethereal extract of the product was dried over sodium sulphate and 
distilled ; the fraction (34 g) of boiling point 74-75°/26 mm, np** 1-4802 being collected. 
Hunt and Marvel'! give b.p. 67°/20 mm, np*® 1-4869. This 1-methylthiopropan-2-ol 
was heated with concentrated hydrochloric acid (120 ml) for one hour when an oily 
layer formed. The chloro-compound was extracted with ether and washed with 
saturated sodium chloride solution and then with water and finally dried over calcium 
chloride. 1-Methylthio-2-chloropropane (yield: 26 g), b.p. 55°/24 mm, np* 1-4820 
(Hunt and Marvel give b.p. 67°/37 mm, np*° 1-4905) was characterized by the prepara- 
tion of the sulphilimine derivative (V11), m.p. 149°, needles from ethanol (Found: 
C, 45-1; H, 5-5; N, 4-8; Cl, 11-9; S, 22-9. C,,H,,0,NS,CI requires C, 45-0; H, 5-5; 
N, 4:8; Cl, 12-1; S, 21-9 per cent). 


Diethyl 

Diethyl acetylaminomalonate (40-6 g) was added to a solution of sodium (4-6 g) in 
absolute ethanol (500 ml). After the further addition of 1-methylthio-2-chloropropane 
(30 ml) ethanol was removed by slow distillation through a Widmer column. This took 
2 hr. and the mixture was subsequently heated for a further 6 hr at 160° in a glycerine 
bath. The cooled product was extracted with ether when a light yellow oil was obtained. 
This solidified on standing and proved to be a mixture of the required ester with 
unchanged acetylaminomalonate: it was resolved by a preliminary chromatographic 
separation (using benzene as eluant on an activated alumina column) followed by 
fractional crystallization from isopropyl ether. The diethyl thioester (12 g), m.p. 
85-87°, formed needles from isopropyl ether (Found: C, 51-0; H, 7-6; N, 4-6; S, 
10-1. C,,H,,0,NS requires C, 51-1; H, 7-6; N, 4-6; S, 10-5 per cent). 


B-Methylmethionine 

The diethyl thioester (6-8 g) was heated under reflux with dilute hydrochloric acid 
(70 ml, 5N) for 14 hr and then the solution was evaporated to dryness under reduced 
pressure. The residue was dissolved in hot water (10 ml) and pyridine (7 ml). Hot 
ethanol (50 ml) was then added and after cooling the solution to —20° 8-methyl- 
methionine (2-2 g) slowly separated. It was purified by crystallization from ethanol 
containing a little water. The amino-acid was obtained as a microcrystalline powder, 
m.p. 237-239° (Found: C, 44-0; H, 8-4; N, 8-5; S, 19-5. C,H,,0,NS requires C, 44-2; 
H, 8-0; N, 8-6; S, 19-6 per cent). In contrast to the a-methyl amino-acids 8-methyl- 
methionine could be assayed by a formol titration when the equivalent was found to 
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be 164 as compared with the calculated value of 163. The Ry value for 8-methyl- 
methionine in ethanol: ammonia (dens. 0-88): water (95:5:5) is 0-32: under similar 
conditions the Ry values for methionine and a-methylmethionine are respectively 0-41 
and 0-45. 8-Methylmethionine gives a strong positive ninhydrin coloration in aqueous 
solution. 


S-2-C hloroethy ley steine 

Ethylene oxide (6 ml) was added to a solution of cysteine hydrochloride (15-8 g) 
and sodium bicarbonate (18-5 g) in water (100 ml) and the mixture was heated on a 
steam bath for 25 min. After the further addition of ethylene oxide (2 ml) the mixture 
was heated for another 45 min. An iodine titration of the solution then showed that 
over 95 per cent of the sulphydryl groups had reacted. The residue obtained on evapor- 
ating the solution under reduced pressure was heated with concentrated hydrochloric 
acid (120 ml) for § hr. Concentration of the acid solution under reduced pressure led 
to the separation of a crystalline solid which was collected by filtration. Recrystalliza- 
tion from isopropanol afforded S-2-chloroethylcysteine hydrochloride as plates (5.5 g), 
m.p. 186-188" (Found: C, 27-5; H, 5-1: N, 63: Cl. 31-3: 2. 14-4 C.H,,O,.NCIS 
requires C, 27-3; H, 5-1; N, 6-4; Cl, 32-2; S, 14-5 per cent). Formol titration of an ice- 
cold solution of the chloroethylcysteine hydrochloride indicated an equivalent weight 
of 109 (theoretical value, 110); on heating the solution a further equivalent of acid 
was formed due to the hydrolysis of the chloroethy! group. In buffered aqueous 
solution at pH 7-5 and 37° the half-life of chloroethyleysteine hydrochloride (with 
respect to the hydrolysis of the chloroethyl group) is 7 min (personal communication 
from Dr. W. Davis). When warmed with one equivalent of cysteine in an excess of 
aqueous sodium bicarbonate chloroethyleysteine hydrochloride yielded homodjenko- 
lic acid, m.p. and mixed m.p. 265-270”. 


RES| 


Dr. R. J. C. Harris has studied the effect of a- and 8-methylmethionine on the 
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Fujinami fowl sarcoma implanted into eggs. In a typical experiment the tumour was 
implanted into the chorioallantoic membrane on the ninth day and 5 mg of a-methyl- 
methionine in 0-2 ml of water was injected into the yolk sac on the twelfth day. The 
eggs were opened and the embroyos and tumours weighed on the sixteenth day. In the 
control series the average weight of the embryos was 11-98 +. 1-25 g and of the tumours 
1-47 0-53 (average of eight eggs) whilst in the test series the average weight of 


~ 


embryos was 12-55 1-27 g and of the tumours was 2-25 l-15 g (average of six 
eggs); a treated control tumour weight ratio of T/C 1-53. In another experiment 8- 
methylmethionine at the same dose level gave a treated/control tumour weight ratio 
of 1-55/0-95 or 1-63. 

Professor A. Haddow has examined the action of four methylated amino-acids on 
the Walker rat carcinoma. In one experiment twelve rats of about 200 g weight were 
implanted with the tumour and six of these were given twelve daily intraperitoneal 
injections of 100 mg of a-methylcysteine (dissolved in 2 ml of water) Starting on the 
day following implantation. At the end of the experiment the average weight of the 
tumours in the control animals was 2! g and in the treated animals. 58 2 (T/C ratio 
2-76). Similarly a~methylethionine gave a T/C ratio of 2-4. a- and 8-methylmethionine 


had relatively little effect on the tumour under these conditions. 
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Following the observation that the sulphilimine formed from di-2-chloroethyl 
sulphide and chloramine-T will inhibit the growth of the transplanted Walker rat 
carcinoma when given as a single intraperitoneal injection of 10 mg in arachis oil"® the 
the monofunctional chloroalkyl derivative (VII) was also tested but found to be 
inactive at 20 mg per rat. 

Dr. and Mrs. O. G. Fahmy report that the mutagenicity of S-2-chloroethylcysteine 
on the male germ line of Drosophila is comparable with that of 2-chloroethyl methane- 
sulphonate but with higher selectivity on the early germ cells. An injected dose of 
0-5 « 10-* mole per male of chloroethylcysteine induces a sex-linked recessive lethal 
rate of 15 per cent in the most sensitive spermatogonia, as compared with an average 
of only 0-7 per cent in the sperm and spermatid stages. Roughly the same mutation 
rate (i.e. 15 per cent) in spermatogonia is induced by a dose of 2-0 10-* mole per 
male of 2-chlorethyl methanesulphonate, but this induces an average mutation rate 
of 1-7 per cent in sperm and spermatids. 


DISCUSSION 

These very preliminary biological results suggest that the methylated amino-acids 
now described have no useful tumour inhibiting properties under the conditions so far 
employed, that is, using animals maintained on normal diets. It would seem desirable 
to repeat the rat experiments using diets low in the natural amino-acid if an effect is 
to be produced by a competitive inhibitor. N-methylation of amino-acids produces 
analogues some of which cannot be utilized by the organism®® and others which are 
used.*! The ability of an organism to demethylate the compound could well be the 
deciding factor. Although C-methylated amino-acids are inhibitors of the growth of 
certain micro-organisms the behaviour of these acids in normal rats does not appear 
to have been examined. It is reasonably certain that C-demethylation will not occur 
in vivo and if the amino-acid is utilized this must be a property of the molecule as a 
whole. 

The observation of Ghadially and Wiseman™ that an excess of methionine inhibits 
the growth of normal itssue but increases the growth rate of the RD3 carcoma is 
reminiscent of our own results and does indicate that further investigation of the more 
readily transported methylated methionines should be made. 

As already indicated a-methylcysteine was prepared as a cysteine antagonist for 
examination of its effect against experimental leukaemias. This investigation will be 
carried out when the behaviour of animals on suitably low cysteine diets has been 
established. 

The results obtained with S-2-chloroethylcysteine in the rat suggest that because 
of the high reactivity of the compound (the half-life is only 7 min towards hydrolysis 
under physiological conditions) very little may survive to reach the target site. Using 
more localized treatment (cf. '*) in Drosophila very definite effects are observed and 
it is clear that the mutability of spermatogonia under the influence of 2-chloroethyl 
methanesulphonate could be due entirely to the in vivo formation of S-2-chloroethyl- 
cysteine as had been postulated earlier. 
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SHORT COMMUNICATIONS 


Enzymic oxidation of mescaline by mammalian plasma 


It is now known that amine oxidases, distinct from the intracellular amine oxidase, occur in the 
blood plasma of a number of mammalian species. Two enzymes of this kind have been studied: 

(a) the enzyme spermine oxidase, first described in the sheep! but present in all ruminants?; 

(b) the enzyme benzylamine oxidase, first studied in the horse*® but present also in certain other 

species 

We wish to draw attention to the fact that mescaline is a substrate of these two plasma oxidases. 
For bovine plasma this has already been noted by Tabor, Tabor and Rosenthal.‘ In the pig, mescaline 
is the amine most rapidly oxidized, but the plasma enzymes in the llama and the dog also oxidize 
mescaline at a relatively high rate 

The plasma amine oxidases differ from the intracellular “‘mono”’ amine oxidase in their substrate 
and inhibitor specificities. However, there is good reason to believe that tissue enzymes exist which 
are related to the plasma oxidases: Bernheim and Bernheim® first noted that the enzymic oxidation 
of mescaline by rabbit liver preparations differed from that of other amines. and it is now generally 
believed that in this organ mescaline is oxidized by an enzyme which is distinct from the amine 
oxidase present®»’+*; the inhibitor specificity of the rabbit liver enzyme for mescaline is reminiscent 
of that of the plasma oxidases. 


University Department of Pharmacology, H. BLASCHKO 
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Note upon the block produced in the tricarboxylic acid cycle by fluorocitric acid. 


Tue lethal synthesis of fluoroacetate to fluorocitrate blocks the citric acid metabolism in vitro at the 
stage in the tricarboxylic acid cycle of aconitase. So far there is no evidence that fluorocitric acid 
blocks any other stage.’ In particular Morrison and Peters? found no block in the isocitric dehydro- 
genase. However there is some suggestion from the experiments of Braunstein and Azarkh® and 
from our own unpublished work that fluorocitrate might block the formation of a-ketoglutarate 
and combine with the Mn needed for this enzyme. It seemed possible therefore that in particle 
preparations fluorocitrate might be blocking a-ketoglutarate formation by combining with Mn, 
and that this effect might have been missed. The matter has been tested by studying the effect of 
fluorocitrate on the citric acid metabolism in kidney particles with and without the addition of 
extra Mn. To avoid re-cycling, malonate was added, as it blocks the cycle at the stage succinate 
fumarate. Table | contains one of two similar experiments in which a slight reduction found was 
almost within the experimental error. It can be concluded that the main action of fluorocitric acid 
is on the aconitase, as has hitherto been believed. 
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Short communications 


TABLE |. 


Kidney mitochondrial particles were prepared from the guinea pig using a homogenizer in | per cent 
KCI solution at 2°C. After centrifuging once in a Servall angle centrifuge at 5000 ¢ for 25 min, the 
supernatant was discarded and the particles stirred into cold | per cent KCl to which was added 
volume of M 2 phosphate buffer (pH 7-2). One kidney is made up to approx. 26 ml of the enzyme 
mixture of particles. 50 ml Erlenmeyer flasks were prepared containing enzyme mixture 1-9 ml. 
MgCl, 0-1 mi (4-0 «moles), ATP 0-1 ml (1-2 ~moles), Na citrate 0-4 mi (10 pmoles), Na malonate 
0-1 mi (0-016 M), fluorocitrate 0-1 ml (5-79y synthetic acid as the Na salt), Mn¢ lL, O1 or 0-05 ml 
(124y or 62y), KCI 1 per cent added to a total volume of 3-0 ml. 

The flasks were shaken for 30 min at 37°C. 


Additions Citric acid left after 
30 min 


Moles Ditt 


None 0-18 
Fluorocitrate 

Mn 124y 

Same F cit 

Mn 62y 

Same F cit 


The citric acid was estimated by the method of Taylor* after deproteinisation with trichloracetic 
acid 


icknowledgement—1 am indebted to Dr. Rivett for the sample of synthetic barium fluorocitrate 
used and to Miss R. Shawdon for valuable technical assistance 
1.RC. Institut f Animal Physiology, A. Perers 
(Biochemistry Department), 
Babraham, Cambride: 
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BOOK REVIEWS 


Recent Advances in Gelatin and Glue Research. Edited by G. Stainssy. Proceedings of a Conference 
sponsored by the British Gelatine and Glue Research Association held at the University of Cambridge 
Ist-Sth July, 1957. Pergamon Press, London, 1958. 277 pp., 70s. 


Tue Conference Lecture delivered by Professor Linus Pauling For. Mem. R.S., sets the high standard 
of the book. Many of the contributions are from abroad and from authors of high international 
reputation. The publication follows the general line of the conferences in that it is divided into the 


five sections which covered the whole field of the work on collagen, gelatins and allied products. 
Session |, was devoted to the structure, properties and origin of animal connective tissue; session 2, 
on soluble collagens, molecular weight, etc.; a sub-section of this was devoted to synthetic polypep- 


tides with a particular emphasis as to their use as simple models of the more complex proteins. 


Following this fundamental work the sessions became progressively more practical and took the 
form of, Conversion of Collagen into Gelatin, Chemical and Physical properties of Gelatin and Glue, 
and finally, Relation of Properties to Use. Each section had a chairman’s introduction given by an 
authority in his particular field. 

The authors and editor are to be congratulated on the manner in which the articles have been 


condensed, each retaining a minimum of experimental detail with discussion terse and to the point 
References are given after each paper and consequently many must be duplicated throughout the 
text, but it does leave the reader in a position to find immediately the relevant source of the author's 


information. Sections of the discussion, particularly those of an original character, have been included 
as ‘Conference Notes’ at the end of the book so that the actual stage at which they were introduced in 


the conference is not obvious; in general, however, they describe original work. A much more complete 
account of the discussion may be obtained from the Gelatin and Glue Research Association at a 
charge of one pound per copy. The subject index is short, but probably adequate, and there is no 


index of authors. 
In such a treatise, it may be that more work might have been included on the protein/polysaccharide 
relationships in collagens and allied materials. Presumably this has been reduced as the organisers of 


the conference were themselves most interested in the gelatin complexes, and much discussion of the 


practical application of the modern theories of gelatin structure is an essential part of the work of the 


organising body. Even in the last session on ‘Relation of Properties to Uses’ it is clearly obvious how 


the scientific method is now invading current industrial thought and practice in this industry. 
Finally, | think the editor and his collaborators are to be congratulated on the speed with which 


they have turned the conference proceedings into an authorative publication. 


HAPPEY 


Metabolism of the Nervous System. Edited by Derek Richter. Pergamon Press, London, 1957. 
599 pp., 100s. 


THe number of visitors attending International Congresses has grown so enormously that it is not 
surprising that gatherings devoted to more restricted topics have become very popular of late. Those 
who were not able to attend the Symposium held at Aarhus in July 1956 will be greatful to Dr. D. 
Richter for editing this collection of 55 papers read in one volume. It gives us more than the title 
promises: structural aspects, electrophysiology and pharmacology have also been included. 

The volume shows clearly that the study of nervous tissue and in particular, of its metabolism, 


cannot be pursued except in reference to the properties of living cells in general. Superimposed upon 
this basis of common properties there are the problems arising out of differentiation. These two 
aspects, common properties of all cells and specific differences, such as those peculiar to some neu- 
rones or to some fibres, determine the pattern of the general picture. To select only one example: 
the unique properties of the fatty material of the myelin sheath is seen to arise as a special and complex 
development of a membrane similar to that found in many locations other than medullated nerve. 
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Again, specificty of localization is apparent in the uneven distribution of the pharmacologically 
active substances and the enzymes taking part in their metabolism. But also these substances are 
found and metabolized in non-nervous tUssuc. 

All the main aspects of the metabolism of nervous tissue are fully covered, but there are, in addition, 
reports which cover a field much wider than the nervous system; this is true particularly for the articles 
on enzymic group activation and transfer, on transmethylation and on fatty acid metabolism, articles 
which will be read with great interest and profit by all biochemists. 

The final sections of the book deal with acetylcholine and other pharmacologically active substances. 
The work of the past few years has taught us much about the distribution of these compounds, their 
disappearance and accumulation under the influence of drugs. These data will be important for the 
understanding of substances like noradrenaline and 5-hydroxytryptamine in the central nervous 
system, but the book also makes it clear that this is a goal yet to be attained. 

H. BLASCHKA 


Some Papers to be published in future issues 


Emmecor and C. J. Bos: Investigations on growth-inhibitory styrylquinoline compounds and 
analogues—I. Respiratory inhibition and glycolytic stimulation in normal and neoplastic tissues 
by the anti-tumour agent 4-(4’-dimethylaminostyryl) quinoline 

Emmecor, C. J. Bos, B. J. Visser and C. T. Banner: Investigations on growth-inhibitory styryl- 
quinoline compounds and analogues—Il. The relative activity in a series of styrylquinoline and 
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culture of C-labelled uracil, 6 azouracil and their ribosides 


A. L. Green: The kinetic basis of organophosphate poisoning and its treatment 


LIST OF ERRATA IN: BIOCHEMICAL PHARMACOLOGY, 
VOLUME I, NUMBER | 


Front cover, second line from bottom of “Contents”. For ““H. Blaschka”™ read “*H 
Blaschko” 

Page 14, caption to fig. 8. For “‘cisteine™ read “cysteine” 

Page 15. The first seven lines of page 17 should run straight on from the last word of 
page 14. before the first two lines of page 15. The full stop after the last word. 
“citrate.” of the seventh line printed on page 17, should be omitted and the first 
word of page 15, “accumulation”, run straight on 

Page 17, Acknowledgements. For “P. E. V. Ward” read **P. F. V. Ward” 

Page 50, five lines from bottom of page. For “reaking™ read “breaking” 

Table 4, final column. Insert multiplication sign. e.g. for “9-4 10*" read 
. line |. The word “reaction” should be omitted 
line |. For read **1-Benzylthio-propan-2-one.” 
. footnote. For “ax -dimethyleysteine™ read 
. paragraph 4, line 2. For “itssue™ read “tissue” 

Page 104, BOOK REVIEWS: For “H. Blaschka” read ““H. Blaschko” 

Page 104, Papers to be published in future issues. In the title of paper by RICHARD 
SCHINDLER and ARNOLD D. Wetcn, for “C-labelled” read “C-labelled” and for 
“6 azouracil” read 
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INVESTIGATIONS ON GROWTH-INHIBITORY 
STYRYLQUINOLINE COMPOUNDS AND ANALOGUES 


RESPIRATORY INHIBITION AND GLYCOLYTIC STIMULATION IN 
NORMAL AND NEOPLASTIC TISSUES BY THE ANTI-TUMOUR AGENT 
4-(4-DIMETHYLAMINOSTYRYL) QUINOLINE 


P. Emmecor and C. J. Bos 
Department of Biochemistry, Antoni van Leeuwenhoek-Huis: The Netherlands Cancer 


Institute, Amsterdam, The Netherlands 


(Received 18 April 1958). 


EXTENSIVE biological tests performed in a number of laboratories in the U.S. and 
England* have shown that certain styrylquinoline derivatives exhibit marked toxic 
effects on normal and neoplastic tissues. Nothing is known, however, about the mode 
of action of these compounds at the enzymic level. In the course of biochemical in- 
vestigations carried out in this laboratory some interesting effects of the styrylquino- 
lines on the respiratory, phosphorylative and glycolytic processes of normal liver 
mitochondria and ascites tumour cells were noted. The compound which was chosen 
for a more detailed study into the nature of these effects was 4-(4’-dimethylamino- 
styryl) quinoline*, henceforward abbreviated as 4-DSQf. It is the object of this com- 
munication to report briefly on the mode of action of 4-DSQ as an inhibitor of respira- 
tion and an activator of glycolysis. In the accompanying paper! a survey of the activi- 
ties of a number of closely related compounds together with the available biological 
data will be given. 

In the experiments carried out according to the standard Warburg technique 
0-02 ml of an ethanolic solution of 4-DSQ (1-2 10-* M) was added to the media 
giving a final concentration of 1-5 10-* M in 1-6 ml. Approximately 20 per cent of 
the added dose was in real solution at 37°C in the absence of the biological material. 
0-02 ml ethanol was always added to the control flasks. 

It appeared to be a general property of 4-DSQ to interfere with DPN-linked oxida- 
tions of isolated mouse liver mitochondria as shown by its marked inhibitory effect 
on the oxidation of glutamate (90-100 per cent inhibition with mitochondria from 
200-250 mg fresh weight of liver; controls consumed 7-8 watoms oxygen during the 
20 min incubation period), pyruvate, malate and 8-hydroxybutyrate. The extent of the 
inhibition was influenced by the amount of mitochondria being present, but practically 
not by the addition of the coenzyme DPN (10-* M) nor by EDTA (10~-* and 10-2 M) 

* Compare reference | in next paper. 

+ 4-(4’-Dimethylaminostyryl) quinoline was a generous gift from Dr. Carl T. Bahner of Carson- 
Newman College, to whom our sincere thanks are due. 

+ In addition, the following abbreviations will be used: diphosphopyridine nucleotide, DPN: 
ethylenediamine tetraacetate, EDTA; ratio of «mole inorganic phosphate esterified to “atom oxygen 


utilized, P/O; 2 : 4-dinitrophenol, 2 : 4-DNP; inorganic orthophosphate, P;; adenosine di- — tri- 
phosphate, ADP and ATP. 
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which is Known to promote mitochondrial integrity.2 It had been found in earlier 
experiments® that DPN or EDTA completely reversed the inhibitions of mitochondrial 
glutamate oxidation brought about by hepatic carcinogens of the p-aminoazobenzene 
type. In this connection it may be of some interest to note that the hepatic carcinogen 
4-(4'-dimethylaminophenyl)azoquinoline*, which is isoteric with 4-DSQ through the 
replacement of the ethylene by an azo bridge. was found to inhibit glutamate oxidation 
for about 40-50 per cent, but to be markedly less inactive in the presence of added DPN. 


By contrast, 4-DSQ might have been active either by inhibiting the dehydrogenases non- 


competitively in respect to DPN or by blocking any of the electron or phosphate trans- 
ferring steps of the respiratory chain and associated phosphorvlations. However, neither 
the oxidation of succinate nor that of ascorbate plus excess cytochromec was found to be 
depressed in the presence of 4-DSQ, while the inhibition of the glutamate oxidation 
was the same whether the uncoupling agent 2 : 4-DNP was present or not. The rate of 
reduction of DPN (4-7 10° * M) by a crystalline beef liver glutamic dehydrogenase 
preparation (15 «wg in a total volume of 2 ml buffered with phosphate, pH 7-4) was 
inhibited in the presence of 1-3 10-° M 4-DSQ for about 55 per cent as measured 
at 340 mp in the Unicam spectrophotometer. The inhibition was neither of the com- 
petitive nor of the non-competitive type. No inhibition was apparent in the presence 


of 0-1 per cent albumine 


Fi tivat the late ATPase of mouse liver mitochondria by 4-DSQ 
Each flask contained |-7 ml buffer: KCI (0-1 M), Tris (0-05 M) and MgCl, (0-005 M), 0-1 ml Na,ATP 
(O'| M) and 0 f a mitochondrial suspension corresponding with 25 mg wet weight of liver: 
pH 7:2. Incubation at Reaction terminated by adding trichloroacetic acid. Inorganic phosphate 
determined according to Fiske-Subbarow 
When conditions were so arranged, by using mitochondria prepared from 300-350 
mg wet weight of mouse liver, that the oxidation of 8-hydroxybutyrate was inhibited 
by 4-DSQ approximately 50-60 per cent, it appeared that the phosphorylations were 
partly uncoupled from the remaining oxidations. The P/O ratio fell from 2-2 to 1-2 


* 4-(4'-Dimethylaminophenyl)azoquinoline was a gift from Dr. E. V. Brown of Seton Hall Uni- 
versity to Dr. C. T. Bahner. 
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(average of 7 experiments, conditions as stated previously*). Marked uncoupling was 
noted (P/O: 0-6, controls: 2-3) when in addition 10°? M EDTA was present in media 
containing either 5 or 7-5 10°* M Mg**. However, 4-DSQ was hardly active in the 
presence of 10-* M EDTA (P/O: 1-9, controls: 2:2). The uncoupling effect of 4-DSQ 
led to the discovery that the latent mitochondrial ATPase was markedly activated by 
4-DSQ (Fig. 1). It was further observed that 4-DSQ caused an extensive swelling of the 
fresh liver particles (50 per cent decrease in optical density at 520 mu) provided that 
Mg** was present. The latter finding is somewhat puzzling, since Mg** is known to 
preserve the mitochondrial morphology! and to counteract the swelling induced by 


other biologically-active compounds such as thyroxine.® This paradox may, however, 
provide a lead for further study into the mode of action of 4-DSQ and related com- 
pounds. 

The respiration of intact mammary carcinoma ascites cells (S3A, from Dr. G. 
Klein) suspended in Krebs-Ringer phosphate buffer either in the absence (QO, 
7-10) or in the presence of glucose (QO, — 4-5), was found to be inhibited by 4-DSQ 
for at least 50 per cent. On the contrary, the anaerobic glycolysis of the cells, suspended 


in Krebs-Ringer bicarbonate buffer containing glucose or fructose, was enhanced 
two-/old or more in the presence of 4-DSQ. This stimulation was consistently found in 
numerous experiments by measurement of the carbon dioxide evolution and the 
lactic acid production® after 45, 60 or 120 minutes of incubation at 37°C. (Table 1) 
The manometric data showed that the rate of glycolysis was enhanced from the very 
beginning of the experiments and that it rose instantaneously when 4-DSQ was tipped 
in from the side arm of the respirometers after some time during the incubation. 
2:4-DNP (5 10-° M) which also activates the latent mitochondrial ATPase, pro- 
duced a similar effect on the anaerobic glycolysis while the lactate production was 
stinulated even from 3 to 4-5-fold in the presence of 10-4 M 2 : 4-DNP. 

In the course of these experiments it was found in many cases that the aerobic 
lactate production of the ascites cells (i.e. the “controls” in Krebs-Ringer bicarbonate) 
was not markedly below the anaerobic level, but sometimes even higher. As shown in 
Table 1, 4-DSQ or 2 : 4-DNP stimulated the aerobic glycolysis to the same extent as 
the anaerobic glycolysis.* However, when incubation was carried out in Krebs- 
Ringer phosphate buffer a marked Pasteur effect was noted (Q,°2 = 4 QrN2) which 
was completely abolished in the presence of 4-DSQ or 2 : 4-DNP (Table 1). The 
absence of a marked stimulatory effect on the anaerobic glycolysis in the latter 


* Similar experiments have recently been carried out with lymphosarcoma ascites cells (186157 
from Dr. W. M. de Bruyn) suspended in Krebs-Ringer bicarbonate buffer. The anaerobic lactate 
production in the presence of 4-DSQ was 233 per cent of that of the controls. whereas the lactate 
production was 35 per cent less under aerobic than under anaerobic conditions. The aerobic lactate 
production in the presence of 4-DSQ was 382 per cent of that found in the absence of 4-DSQ. 2 : 4- 
DNP was still more active. Experiments with Ehrlich ascites carcinoma yielded comparable results. 
The same experiments were also carried out with two transplanted solid tumours of the mouse 
(hepatoma T 28012 and sarcoma UV 256). 4-DSQ had no effect on the anaerobic glycolysis of the 
tumour slices suspended in Krebs-Ringer bicarbonate buffer, while 2:4-DNP had only a very weak 
effect (10 per cent stimulation at the most). The aerobic lactate production of the slices was more 
than 50 per cent below the aerobic leve! (marked Pasteur effect). Both 4-DSQ and 2:4-DNP counter- 
acted the Pasteur effect by causing a two-fold rise in the aerobic lactate production. The difference 
between the solid and ascites tumours in their glycolytic response towards 4-DSQ and 2:4-DNP 
under anaerobic conditions is thus most likely due to a difference in glycolytic capacity, which in turn 
may be conditioned by such factors as enzyme concentration, available cellular phosphate and 
Phosphate acceptors, and the rate of entrance of glucose. As far as we are aware, the enormous 
stimulation of the anaerobic glycolysis of the ascites cells by 2:4-DNP found in the present experi- 
ments, has not been reported earlier and apparently has no parallel in any other tissue studied as yet. 
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TABLE | 4riIMULATORY oF 4-DSQ 2 : 4-DNP ON THE GLYCOLYSIS Of 
ASCITES CELLS SUSPENDED IN: KRERS-RINGER BICARBONATE AND PHOSPHATI 


BLETER 


9 days, were 


ted buffer capacity of the phosphate 
ed much further 
¢ ascites cells which were prepared by 
on and incubated th the medium 
of fructose diphosphate, was stimulated 
4 4-DSQ or 2 : 4-DNP. This stimulation was apparent 
of the ATPase-inhibitor fluoride and especially 
The lactate production of the controls was 
fluoride (Table 2: System A, enolase block 
circumvented Dy addir 
plus 4-DSOQ 2 : 4-DNP were present, approximately the same amount of lactate 
was produced as in the absence of any added compound. These phenomena 


PULL 


g¢ pyruvate) than in its absence (System B). When fluoride 


were also found to be true for whole ascites cells. The enhanced lactic acid production 


by the homogenates in the presence of 4-DSQ or 2 : 4-DNP was accompanied by a 
decrease in | ptake of P, from the medium. It was further shown that the rate of 
glycolysis of e controls was indeed limited by the concentration of P, and ADP. 


of ADP (9-6 smole) and extra P, (3-8-7-2 umole) to the homo- 


genate systen to an enhanced glycolytic rate. The stimulatory effect of 4-DSQ 


on the anaerobic glycolysis was progressively less or absent under the latter conditions 
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with increasing concentrations of P, added (Table 2, exp. 3 and 4). Similar results were 


obtained with 2 : 4-DNP 
The anacrobic lactate production of the homogenates incubated in the presence of 


fructose diphosphate, instead of glucose, was also stimulated by 4-DSQ. This was not 


the case when 3-phosphoglycerate served as the substrate in the presence of alcohol 


dehydrogenase to generate reduced DPN. The acetaldehyde and the lactate produced 


in the latter experiments were measured separately 


Taste 2. THe sTiIMULATORY EFFECT OF 4-DSQ AND 2 : 4-DNP ON THE ANAFROBIC 


GLYCOLYSIS OF HOMOGENATES PREPARED FROM ASCITES TUMOUR CELLS 


were held in bidistilled water at 0 C during 15 min and homo- 


Ascites cells, freed from erythrocytes 


genized for 10 sec at moderate speed. Very few cells remained intact. 0-3 ml! of the homogenate 


was pipetted into the respirometers, which contained the medium according to LePage’ with omission 
of fructose diphosphate. System 4 contained KF (0-01 M) and pyruvate (0-006 M), system AA idem 


plus 9-6 »mole ADP: system B no fluoride added and pyruvate (0-0006 M) present, systen BB idem 


plus 96 pmole ADP. Inorganic phosphate was present as indicated. Incubation during 60 min at 


37°C; 9, 6, 7S and 92 mg dry weight of homogenates were present respectively in the four experi- 


ments. All quantities are in emoles 


P Lactate Extra P 
L Exp Conditions present produc lactate iptake (-—) 
No at time 0 tron produced release ) 


(control) 4-4 42 

4-9 

+-DSO 4-4 12 
icontrol) 4-4 2°3 

1-DSOQ 4-4 I4 


(control) 2-9 

> -4-DNP 6-6 2-2 
; (control) 6-6 5 
BR 2 :4-DNP 


(control) 


4-DSO 


4-DSQ 


.4-DSO 


B (control) 
B 4-DSO 


A 


BB 13 2 
BB, 4-DSO 7-6 15-3 1-6 


BB 
BB, 4-DSQ 


When the homogenate was incubated anaerobically in the medium of LePage 
(system A) from which glucose and fructose diphosphate were omitted, approxi- 
mately | «mole of lactate was produced and 0-5 umole P, taken up. However, after 
incubation in the presence of 4-DSQ 5-6 «mole P,; were found in the medium instead of 


the 3-6 umole P, initially present. 
yi 
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The unfortified homogenate incubated during 20 minutes in Tris buffer in the 
presence of ATP and 4-DSQ released from 2- to 2-5-fold as much P, as the controls 


to which no 4-DSQ was added. The insignificant phosphate release from glucose-6- 
phosphate and fructose-| : 6-diphosphate was not enhanced in the presence of 4-DSQ. 

The results obtained thus far are compatible with the view that 4-DSQ activates 
the ATPases of the ascites tumour cells and homogenates under anaerobic conditions. 
The subsequent liberation of P, and ADP from the ATP generated during glycolysis 
allows the latter process to proceed at a higher rate by continuously supplying the 
triose phosphate dehydrogenase system with a higher concentration of the necessary 
components P, and ADP. The result is, however, a decreased net output of glycolytic 
ATP (Table 2) 


In conclusion tl 


¢ following comparison between the modes of action of 4-DSQ and 
2 : 4-DNP may be made: (i) In the concentrations tested 2 : 4-DNP does not inhibit 
the respiration of liver mitochondria or ascites tumour cells. On the contrary, the 
uncoupling of the oxidative phosphorylation brought about by this nitrophenol 
stimulates the oxygen consumption of the mitochondria. The inhibition of respiration 
following the addition of glucose to ascites cells (reverse Pasteur effect) is counteracted 
by 2 : 4-DNP (10 * M). However. high concentrations of 2 : 4-DNP (>10-4 M) are 
known to inhibit oxidation. By contrast, 4-DSQ inhibits mitochondrial oxidations 
(DPN-linked) under all conditions. (ii) When its limited solubility is taken into account, 
the styrylquinoline behaves under anaerobic conditions as an ATPase activator of 
similar potency as 2: 4-DNP The latter aspect of the mode of action of the two 
compounds is especially pronounced in actively glycolysing ascites tumour cells in 
which the rate of glucose dissimilation appears to be severely restricted by the unfa- 
vourable balance between free and esterified phosphate even in the absence of oxygen 
utilizing oxidative processes. (iii) The Pasteur effect is readily abolished by 4-DSQ and 
by 2 : 4-DNP. the latter being active by the uncoupling of the oxidative phosphoryla- 
tions in the respiratory chain,* whereas in the case of 4-DSQ inhibition of the oxida- 


tion might also be involved 
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INVESTIGATIONS ON GROWTH-INHIBITORY 
STYRYLQUINOLINE COMPOUNDS AND ANALOGUES—II 


THE RELATIVE ACTIVITY IN A SERIES OF STYRYLQUINOLINE AND 
ANALOGOUS COMPOUNDS TO INTERFERE WITH INTERMEDIARY 
METABOLISM AND TUMOUR GROWTH 


P. Emmecor. C. J. Bos, B. J. Visser and C. T. BAHNER 


Department of Biochemistry, Antoni van I eecuwenhoek-Huis : 
The Netherlands Cancer Institute, Amsterdam, The Netherlands 
and 
Department of Chemistry, Carson-Newman College, Jefferson City, Tennessee, U.S.A. 


(Received 18 ipril 1958) 


4-(4'-DIMETHYLAMINOSTYRYL) quinoline and some related compounds have been 
found to be markedly toxic for normal and neoplastic tissues." In the previous report? 
it was shown that 4-DSQ interfered with the respiratory, phosphorylative and glyco- 
lytic processes of liver mitochondria and ascites tumour cells. In the present investiga- 
tion a number of related styrylquinolines and analogues were examined in an attempt 
to correlate possible metabolic effects with the available biological data. 

lhe following compounds were studied :* 4-(4’-aminostyryl) quinoline (1); 4-DSQ 
(11); (II); 4-(4'-dimethylaminostyryl)- 
6.8-dimethylquinoline (IV);  1-(4’-dimethylaminostyry] isoquinoline (V); 2-(4'-di- 
methylaminostyryl) quinoline (VI); 4-(4 dimethylaminostyryl)pyridine (VII); 4- 
(4'-dimethylaminostyryl)quinazoline (VIII); dihydro-4-(4'dimethylaminostyryl)quino- 
line (IX): 4-(4’-dimethylaminobenziledene-amino)quinoline (X); and 4-(4'-dimethyl- 
aminophenyl!)azoquinoline (X1). 

rheir effect on the following enzymic processes was studied: the glutamate oxidation 
and the ATPase activity of mouse liver mitochondria, the DPN reduction by a 
crystalline beef liver glutamic dehydrogenase, and the respiration and glycolysis of 
mammary carcinoma ascites cells. 

Table | contains a condensed summary of these studies. 

The parent compound I, which was much more soluble than any of the other drugs 
tested, was markedly active in the mitochondrial and ascites cellt systems. Methyla- 
tion of the free amino group (4-DSQ, II) and methyl substitution at position 3 of the 
quinoline nucleus (II) enhanced the activity. Compound V, in which the quinoline 
was replaced by an isoquinoline nucleus, showed approximately the same activity as 
4-DSQ. However, compounds VI (2-DSQ), VII (quinoline replaced by pyridine) and 


* The compounds used in this investigation were prepared in the department of chemistry at the 
Carson-Newman College (Jefferson City) by C. Cook, J. Dale, J. Fain, E. Franklin, A. Myers and 
J. Wilson under the direction of one of us (C.T.B.). Compound X was a gift from Dr. E. V. Brown of 
Seton Hall University. 

+ Throughout this study the S3A mammary carcinoma has been used. 
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VIII (quinoline replaced by quinazoline) were (much) less active in some or all re- 
spects. Hydrogenation of 4-DSQ led to a compound (IX). probably containing 
a —CH,CH,—bridge instead of the —CH —=CH—. which markedly inhibited respira- 
tory processes and was moderately active as a stimulator of glycolysis. Two other 
isosters of 4-DSQ, one of which contained an aldimine bridge (X) and the other an 


azo (XI) instead of the ethylene bridge, showed also moderate or significant activity. 
S Finally methyl substitution at positions 6 and 8 of the quinoline nucleus of 4-DSQ . 
4 led to compound IV which possessed a low activity, except for the effect on the mito- : 
chondrial ATPase. The latter finding provided the only exception in the rough parallel : 
a that was noted between the extent of the mitochondrial ATPase activation and the 
q ability of the various compounds to enhance the glycolysis of the ascites cells (cf. 2), 


The reason for this discrepancy is not known to us: it was not due to the impermea- 


bility of the cells since the anaerobic glycolysis of the homogenate system described 
in the previous paper,? was only 10 per cent higher in the presence of IV than in its 


absence. 

In view of the limited solubility of the compounds it was not surprising that 
7°5 10~° M 4-DSQ (II) had approximately the same and 3-0 10-* M concentra- 
tions of compounds VII and VIII exactly the same effects on the anaerobic glycolysis 


of the ascites cells as the corrresponding 1-5 10-* M concentrations. 


As shown in Table 1, the correspondence between the extent of the respiratory 


inhibition produced by the various compounds in the liver mitochondria and the 


ascites cells was close. The inhibitory effect of the drugs on the rate of DPN reduction 


by a crystalline preparation of beef liver glutamic dehydrogenase could not be corre- 


lated with the inhibitory effects on the more integrated oxidative systems. The in- 
hibitory effects on the rate of reduction of DPN (4-7 10-* M)—are listed in 
Table | for 1-3 and 2-0 10°’ M concentrations of the various drugs. 


The effect of the hepatic carcinogen o-aminoazotoluene on the various metabolic 


processes ts included in Table 1. It is interesting to compare the latter effects with those 
obtained with compound XI, the other hepatic carcinogen studied in the present series, 
which was found to exert an extremely potent inhibitory effect of a non-competitive 


type on the rate of DPN-reduction by the glutamic dehydrogenase preparation. 


The tumour-inhibitory activities of the drugs (75 mg/kg) are also compiled in 
Table 1. 

The number of tumour-bearing rats which died from the treatment showed that 
the general toxicity paralleled the anti-tumour activity of the various compounds. It 
has been noted that especially the Walker rat 256 tumour and the rat Lymphoma 8 


are readily inhibited by the active styrylquinolines and analogues, while other rat 
tumours were not so responsive.' Tumour-growth inhibition studies with the ascites 
tumour used in the present investigations have not been carried out. However. it has 
been found that ascites and solid tumours of mice in general responded not very 
favourably to the styrylquinolines. 

A comparison between the biochemical and biological data of Table 1 shows that. 
among the drugs listed, 4-DSQ (II), the 3-methyl derivative (III) and the isoquinoline 
isoster (V) are the most toxic for the tumours and their hosts as well as for the meta- 
bolic processes studied. Compound | is moderately active biologically and markedly 
active when administered at a higher dose (100 mg/kg) to the intact animal. and its 
good solubility appears to favour the metabolic effects in the isolated systems. In 
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spite of its tumour-inhibitory capability, 2-DSQ (VI) exerted no significant metabolic 
effects. The aldimine (X), on the other hand, was markedly active in the present 
experiments but has been found inactive when tested in a 75 mg/kg dose against the 
Walker rat tumour. However, it should be emphasized that the metabolic effects 
obtained in the present study are only illustrative of the intrinsic affinities of the drugs 
for the particular enzymes tested. In the intact animal the pharmacodynamic proper- 
ties of the drugs are of equal importance. Thus, the rapid degradation in vivo may 
convert a potentially effective compound, such as X, into a harmless product. More- 
over, the possibility cannot be excluded that the drugs may interfere with yet other 
processes; compare for instance the nucleotoxic effects of the related aminostilbenes.* 

The correspondence in effect of the active styrylquinolines and 2 : 4-dinitrophenol 
has been discussed in the previous paper.* The latter compound markedly interferes 
with the metabolism of tumour slices* and may inhibit tumour growth.® The present 
results suggest that a high inhibitory activity towards DPN-linked mitochondrial 
enzymes together with a dinitrophenol-like activity may, at least partly, be responsible 
for the rather acute toxic effects following the in vivo administration of some of the 


styrylquinolines 
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Abstract—The biochemical lesion in organophosphate poisoning is inhibition of 
cholinesterase which results in auto-intoxication by accumulated acetylcholine 
Possible therapeutic processes are antagonism of acetylcholine, direct detoxication of 
the organophosphate, or reactivation of the inhibited enzyme In this paper a simple 
mathematical model of the physiology of poisoning and treatment has been consti ucted 
by kinetic analysis of the basic biochemical reactions involved in these processes, with 
the added assumption that an animal will die once the fraction of cholinesterase in its 
body has fallen below an arbitrary minimum Formulae have been derived from the 
model which enable the therapeutic efficiencies of the different forms of treatment, either 
alone or in combination, to be calculated. Qualitatively, the experimental and calculated 


relative efficiencies of the different therapeutic processes are in good agreement 


It is a fundamental tenet of pharmacology that drug action must ultimately be 
explicable on a molecular basis, but owing to the complexity of living processes It Is 
rarely possible to attribute a pharmacological action, even qualitatively, to any 
precise chemical or biochemical reaction. Poisoning by organophosphates is one of 
the rare examples in which the underlying biochemical lesion ts known with some 
degree of certainty. The highly specific biochemical mechanism, namely the inhibition 
of a single enzyme, has been studied kinetically in vitro and successful therapeutic 
measures have been devised from a knowledge of this mechanism. These features of 
organophosphate poisoning make it a suitable system in which to attempt a semi- 
quantitative account of a pharmacological result simply on a basis of chemical 
kinetics. 

The mathematical model of poisoning and treatment described in this paper 
incorporates only the essential biochemical reactions involved and no attempt has 
been made to include such obviously important factors as in vivo distribution of toxic 
and therapeutic agents. Despite this neglect, the qualitative deductions from the 
model, particularly on the relative effects of different forms of treatment are often 
surprisingly consistent with experiment. 

It is generally accepted that the lethal effects of organophosphates are due to the 
accumulation of acetylcholine resulting from the inhibition of cholinesterase (ChE).'}? 
Each active centre in this enzyme is inhibited by direct chemical combination with a 
single molecule of organophosphate* so that the minimum number of molecules 
required to kill would be roughly equal to the number of active centres of ChE at any 
vital cholinergic site in the body. However, organophosphates are normally ad- 
ministered by routes involving prior distribution via the blood to nearly all parts of 
the body before they can reach any of these vital sites, in which case the minimum 
lethal dose would be nearer that equivalent to all the ChE in the body. In fact, 
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organophosphates combine not only with ChE but also with other enzymes and 
proteins*’ and many of them are readily detoxicated by the body*~* so that although 
hey are often still toxic in very small doses, these doses (expressed as molecular 
equivalents) are generally in considerable excess over the total body Chl 

Three types of drug have been used to treat organophosphate poisoning, (a) drugs 
which will anta e the acetyicholine which accumulates when the body ChE is 
inhibited,”” (5) drugs which will directly detoxicate the organophosphate" and 
( lrugs which will reactivate the inhibited Chi 

The basic processes involved in poisoning and these forms of treatment are 

hemical combination of the organophosphate (P) with ChE (E) to give the 


bited yme (1) 


us reactions of the organophosphate with body tissues, including 


he organophosphate by a therapeutic agent (A): 
ctive ChE by dephosphorylation of the inhibited enzyme with 


gent (B)*: and 


iccumulated acety cno 


Dy atropine or related compounds 


beer clucid ited in ind the 


dependence 0 tes on the concentrations of the reactants firmly established 


It is not POSssI Dic parate clearly all the various processes collectively involved in 
to group them as a summed “waste” reaction, the rate of 
the dose of organophosph: njected. This assumption has 

or most types of drug (v) may be incorporated into 
shown below without any detailed knowledge of its mechanism 

-rocesses (1) to | ibove may be described by the chemical equations 

(i) J 

(ii) P non-toxic products 

(1) non-toxic products 

(iv) I non-toxic products 


The corresponding velocities are then given by 

(i) dE dt kK, EP 

(1) dP dt K.P 

(in) dP dt kK, AP 

(iv) t dE dt k,l A, BI 

Concentrations in the above and subsequent equations are represented simply by 
capital letters, the customary square brackets having been omitted for greater clarity 

lhe rate constant A, increases linearly with concentration B only when the solution 
is very dilute. In stronger solutions the rate approaches a maximum beyond which 
any increase in B leads to no significant increase in rate.” This fact is unimportant in 
the subsequent general theory but should be taken into account in any attempted 


calculation of the therapeutic effect of a specific reactivator at a specific dose 


In order to relate these chemical reactions to the physiology of poisoning the 


assumption is made that since ChE is a vital enzyme, once the fraction of this enzyme 
in an animal falls below a certain minimum as a result of combination with the 


* Long term recovery from sub-lethal doses of poison is aided by the synthesis of new ChE by the 
body, but this process is almost certainly too slow to materially affect the quantity of these rapidly 
acting poisons required to kill.'* 
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organophosphate, the animal will die. Kewitz and Nachmansohn’® have suggested 
2 per cent as a minimum essential level of brain ChE although they consider that future 
experiments may necessitate amending this figure. The results in the present paper 
have been worked out for values ranging from 0-1 to 10 per cent. The concentration 
of organophosphate required to just produce this degree of inhibition is taken to be 
the LDS0. In the presence of an acetylcholine antagonist, an increased concentration 
of acetylcholine can be tolerated at nerve and nerve-muscle junctions without causing 
functional breakdown, so that the fraction of the body ChE essential for life to 
continue will be decreased. By postulating such a decrease, process (v), namely 
antagonism of acetylcholine, may be included in the kinetic scheme in a qualitatively 
correct manner without any further knowledge of its mechanism. Quantitatively the 
proposed decrease must be largely arbitrary 

I'wo further assumptions required before these reactions can be analysed kinetically 
are that the animal body is a homogeneous system containing appropriate doses of 
A and B, into which P is introduced instantaneously at zero time; and that the 
concentrations of A and B remain constant over the relatively short period of time 
during which the enzyme inhibition becomes maximal and the bulk of the organo- 
phosphate disappears 

Equations for therapeutic efficiencies for all the possible therapeutic procedures 
are derived first below. Their significance is then considered in the Discussion 

lhe set of basic reactions can be analysed in a closed mathematical form only when 
reaction (1v) does not occur. When all the reactions are included it is necessary to 
resort to approximate numerical methods. For convenience these two situations are 


dealt with separately 


Case /. The enzyme is not reactivated, i.e. reaction (iv) is absent. 
When (i), (ii) and (iii) take place simultaneously the rate equations are 


dP/dt = (ky + ky +k, E)P 
and -dt dt k, EP 


whence, by simple division 


dP dt (kg + ky) / kK, E 
If at zero time, P P, and I E,, this equation may be integrated to give 
P = Py — In(E, E) + ky) k, — (Ep — E) (1) 
If, as is generally the case experimentally, P, > E, (see p. 119), then 
P = Py — In(E, E)(k, + ky) | ky (2) 
When all the organophosphate has disappeared, 
In (Eg Ex) = + Kg) (3) 


where Eqn is the final (and minimum) level of ChE reached. In the absence of any 
therapeutic agent (A), so that k, is zero, the LDSO of P (p in moles’ 1. rather than in 
the usual units of mg kg) is given by 


p ky In ( Ey Emin ‘ky 


where Emin is the minimum ChE level reached after an LDSO dose of organophosphate. 
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Since p is generally known but k, unknown, this equation can be more usefully 
expressed in the form 


ky kip In (Eo Emin) (4) 


Since the animal is assumed to die, once its ChE level falls below Emin. Emin may 
be defined as the “minimum essential ChE”. 

It is implicit in the derivation of (4) that the body ChE is uniformly distributed, but 
this need not be so. Provided P, > E, (the average initial ChE concentration), the 
rate of disappearance of the organophosphate and hence the concentration P depends 
only on the “waste” rate k,, except where the local concentration of ChE is so high 
that the depletion of organophosphate in the immediate neighbourhood is too great 
to be compensated for by diffusion of fiesh organophosphate into the region from 
outside. This means that for practical purposes the value of p is determined by the 
ratio Eg Emin and not by the precise values of E, or Emin. In other words results 
calculated by assuming the body ChE to be uniformly distributed will be equally valid 
whether the enzyme is uniformly distributed or not. There is evidence?° that not only 
is ChE non-uniformly distributed but also in many tissues it is non-uniformly accessible 
to different drugs. The purpose of the so-called “inaccessible” ChE is uncertain. it 
does not seem to contribute to synaptic or neuromuscular transmission. In this paper 
it will be assumed that all the essential ChE is “accessible”. 

[he following formulae for therapeutic effectiveness may be derived from (3) 
and (4) 

Firstly, if in the presence of an acetylcholine antagonist, the “minimum essential 
ChE” is reduced from Emin to E’min and the LDS0 is raised to P., then from (4), 


PaP In (Eo Emin)/In (E,/ Emin) (5) 


Secondly, if in the presence of a given dose of A the LDSO is raised to P», then 
from (3) 


Po In (Ey Emin) k,) (ky A k,)} 
Dividing throughout by p, and by use of (4), this becomes 
Pr P l | In (Ey Emin) (Kg A) kip (6) 


Thirdly, if p, is the LDSO in the presence of a mixture of A and an acetylcholine 
antagonist which reduces the “minimum essential ChE” from Emin to Emin, then 
from (3) 


P. In (Ey Emin) (Ky k ky 


In (Ey Emin) Le In (Ey Emin) A ln (Ey Emin) | 
In (Ey Emin) | k, ky 


Thus, by dividing throughout by p as above 


P. In (Ey Emin) ks A ln (Ey Emin) | 


In (Ey Emin) kip 


(7) 


Case II. The system includes a reactivator, B. If all four reactions (1)-(iv) take place 
together, then 
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dE/dt = k,(E, — E) — k,EP (8) 
and —dP dt = (k, + k, + k,E)P (9) 


The solution of these two simultaneous equations may be simplified if (k, + k,) > 
k,E. That this is true under conditions likely to be met experimentally may be shown 
as follows: 


From (4), k, = k,p/|n Emin) 


Now, for most toxic organophosphates p > 0-1 mg/kg, which > 10-®M, so that even 
if Emin/Eg is as little as 0-1 per cent 


k, > k, (10-*) /6-9 


But, the concentration of ChE in blood cells??? is less than 10~*m and this is probably 
true of the body as a whole, so that 


k, > k,E and thus (k, + ky) > K,E 
Thus (9) now becomes 
dP/dt = (k, + ky) P, whence P = Pye: * * 
By substitution of this value for P, (8) becomes 
dE/dt = k,(E, — E) — 
A further simplication may be made by introduction of the new variables 


y (= E/E,) and x (= e~@: + *,)*) 


so that: (11) 


dy kw (l-y 
dx ke K | x 


If kz = 0, i.e. reactivation is the only action of the therapeutic agent, k, may be 
replaced by k,p/In (Eo/ Emin) (see 4), so that 


dy = Poln(Eg Emin) In (Ep/Emin) (1 — 
dx p kip | x (12) 
Experimentally we are not primarily interested in the ChE level at every single 
instant of time, but in the minimum ChE level which is reached for any likely com- 
bination of rate constants and doses of A, B and P. These minima can best be obtained 
by integration of (11) or (12) for selected values of the rates and concentrations with 
graphical extension to any other desired values. Direct integration of the differential 
equation 


f = dy/dx = Fy — G(1 — y)/x 


is possible only in terms of “incomplete gamma functions” which must be obtained 
from published tables and it is simpler to use the numerical integration formula” 


Vo — (X — Xo) + — Xo), + — Xo) fo} 


in order to get the minimum values of y. These are illustrated in Fig. | for various 
values of F and G. 
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ChE levels obtained by numerical solution of the equation dy dx 
Fy Gil 


“The numbers adjacent to the curves are the corresponding coefficients G.”’ 


In order to use these results to calculate the effectiveness of particular reactivators 
against particular organophosphates the following procedure was adopted. From 
Fig. 1, the value of | corresponding to the values 0-02, 0-1, 0-2, 0-5 and 1-0 for G was 
read off for each of a series of minimum ChE levels between 0-1 and 10 per cent. 
Since, from (12), G Kyln (Eo Emin) k,p and | P, In (Ey Emin) / p, a value of 


P, p can be obtained for the corresponding value of k, k,p for each of these values 


Of Emin. In Fig. 2, Py p is shown plotted against k, k,p. These values of P,/p are the 
therapeutic efficiencies for a reactivator and will in future be denoted by p,/p. 


FiG. 2. Dependence of the therapeutic effect on the ratio of the reactivating power of the therapeutic 
agent to the inhibitory power of the organophosphate (ky k,p) for various minimum ChE levels 
(per cent). ““The numbers alongside the separate curves give the minimum ChE level (°4).”’ 
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When the results for each ChE level in Fig. 2 are plotted in the form log (p,/p — 1) 
against log (k,/k,p) a series of parallel straight lines is obtained (See Fig. 3). 
These lines may be described approximately by equations of the form log(p,/p — 1) 
a + 08 log (k,4/k,p). If the values of a are plotted against log (E,/Emin) a further 


o2 


1 


W = log (k 


Fic. 3. Relation between the logarithms of the therapeutic effect and the ratio of reactivating power 
to inhibitory power. 


straight line is obtained (see inset to Fig. 3) from which a © 0-2 + 0-8 log (Eo/Emin). 
Thus, 


log (pa/p — 1) © 0-2 + 0-8 log (Ey k4/k,p Emin) 


Palp + 1-6 (Eo ky k,p Emin)*” (13) 


Since the derivation of this formula is empirical it should be used with caution for 
ChE levels outside the range 0-1—10 per cent, for values of k4/k,p above 0-5, or for 
therapeutic efficiencies greater than 20. 


DISCUSSION 
The main purpose of the above calculations is to see whether our qualitative ideas 
on how organophosphate poisoning and the various forms of treatment operate are 
quantitatively reasonable. The fundamental assumption of the theory is that once the 
ChE level in an animal falls below an arbitrary “minimum essential ChE”, the animal 
will die. But, although inhibition of ChE is the biochemical lesion, the primary cause 
of death is respiratory failure to which at least three distinct physiological mechanisms 
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may contribute, namely inhibition of the respiratory centre, bronchoconstriction and 
neuromuscular block.** These mechanisms vary in importance from species to species 
and from toxic agent to toxic agent. It has been further assumed that the organo- 
phosphate and therapeutic agents are always uniformly distributed in the animal body. 
In these circumstances it must be accepted that the theory can give only a generalized 
picture and not one which can reliably predict what effect a particular therapeutic 
agent administered by a specific route will have against a particular organophosphate 
in a particular species. This reservation must be borne in mind in the following 
discussion in which, of necessity, specific experiments have been used for comparison 
with deductions from theoretical equations. 

Each type of therapeutic procedure is considered below in turn. 

(a) Acetylcholine antagonists. The likely therapeutic effect of compounds such as 
atropine can be calculated from (5). Since atropine antagonizes acetylcholine, less 
ChE will be needed in the presence than in the absence of atropine. Suppose the 
“minimum essential ChE” ts reduced from Emin to E’min thus causing the LDS50 of 
the organophosphate to be raised from p to p,. Then, the therapeutic effect is given by 


In (Eo/Emin) / (Eo/Emin) 


For example, if the “minimum essential ChE” level is reduced from 10 per cent to 
| per cent, then p,/p is 2; while if from 10 per cent to 0-1 per cent, then p,/p is 3. 
These values for p,/p are of the same order as the experimentally determined 


effectiveness of acetylcholine antagonists,'° 


*° and indicate that our arbitrary decrease 
in “minimum essential ChE” in the presence of atropine is quantitatively reasonable. 
(b) Detoxicating agents. The therapeutic effectiveness of compounds of this class 


may be calculated from (6), namely 
P»/p In (Eo/Emin) A/Ayp 


[wo important conclusions emerge from this equation. Firstly, the therapeutic 
eflect depends on k,/k,, that is, on the relative reactivities of therapeutic agent and 
ChE with the organophosphate and not solely on the detoxicating power of the thera- 
peutic agent. Secondly, the therapeutic effect will only be significant when In (E,/Emin) 
ks A/kyp 

Ihe most reactive compounds with organophosphates in neutral solution yet 


} 


discovered are hydroxamic acids,** which have rate constants for reaction with Sarin 


(isopropyl methylphosphonofluoridate) (1) of about 


C,H,O O 


CH, 
(1) 


10 |.mole~'min.~'. For Sarin® k, 10° |.mole~'min.~! so that k4/k, is only about 
10-° which requires A/p to be about 10°. Some hydroxamic acids have been tested as 


antidotes to Sarin but they were ineffective except in enormous doses (about | g/kg) 


which raised the LDSO about twice."':"* If the above rate constants and concentrations 
are substituted into (6) then p,/p is found to lie between | and 2 for “minimum 
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essential ChE” levels between 10 per cent and 0-1 per cent, a result which is moderately 
consistent with experiment. 

Unless much more reactive compounds can be discovered, drugs which act solely 
by detoxication of organophosphates are unlikely to have much potential therapeutic 
value. 

(c) Acetylcholine antagonists + detoxic ating agents. The effect of a combination 
of agents of these two types may be calculated from (7), namely 


In (E, Ente) | ks A In (Ey Emin) | 
p In (Ey Emin) | kip 


The terms on the right-hand side of this equation represent the effects of the two 
separate agents when given alone, so that the combined effect is the result of each 
individual agent acting independently. It is evident that for a combined therapy of this 
kind to be decidedly advantageous both individual agents must be moderately 
effective when given alone. 

There is little experimental evidence available to test this deduction but the results 
obtained by Askew” on the treatment of Sarin poisoning with atropine plus diacetyl 
monoxime are reasonably consistent with it. The biochemical basis of the therapeutic 
activity of diacetyl monoxime is not known with certainty but it probably acts 
primarily as a detoxicant (see section e). 

(d) Reactivating agents. Unlike the situation in the previous three therapeutic 
procedures, when reactivation forms the basis of treatment it is impossible to derive 
any general formula for the therapeutic effect. However. as described earlier, over the 
limited range of “minimum essential ChE” levels of from 10 per cent to 0-1 per cent, 
therapeutic efficiencies (p,/p) for any particular reactivator may be calculated 
approximately from (13), namely 


Palp = 1 1-6 


Several interesting general deductions may be made from (13). 

Firstly, since the therapeutic effect depends on (E,/Emin)®* rather than on In 
(Eo/Emin), the “minimum essential ChE” is far more important than in the therapeutic 
procedures described under (a)(c). This dependence means that if the “minimum 
essential ChE” could be lowered in some w ay, for example by the presence of acetyl- 
choline antagonists, the therapeutic effect might be greatly improved. This point is 
elaborated in section (f). 

Secondly, the therapeutic efficiency is dependent not only on the rate of reactivation 
but also, inversely, on the product of the LD5O of the organophosphate and the rate 
at which it inhibits the enzyme. This product is simply a measure of the rate of 
spontaneous detoxication of the organophosphate (see equation 4). Although an 
approximate inverse relation between k, and p (i.e. making k,p a constant) has been 
claimed for some organophosphates, this is not general.*’ This means that the thera- 
peutic effect of a given reactivator against a range of organophosphates which give 
the same phosphorylated enzyme will not necessarily be constant; and also, that the 
ease of treatment of poisoning by organophosphates with different dialkylphos- 
phorylating groups may not necessarily be directly related to the rate at which the 
corresponding dialkylphosphorylated enzymes can be reactivated. 

This deduction may explain the observation®* that TEPP (tetraethyl pyrophosphate, 
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Il) is less amenable than E600 (diethyl! p-nitrophenyl phosphate, II1) to treatment by 
the reactivator PAM (pyridine-2-aldoxime methiodide, IV), although both organo- 
phosphates form diethylphosphoryl—ChE. 


Eto oO O OEt Eto O 


OEt EtO O—C,H,NO, 


(Il) (111) (IV) 


These two compounds have almost identical toxicities but k, is 3 times as great for 
TEPP as for E600." Unfortunately, evidence of this kind cannot be used as a direct 
test of the theory as the experimental data may be complicated by distributive effects, 
about which little is known, and which are often used to rationalize experimental 
results for which no other explanation is available 

A third consequence of (13) also arises from the change in dependence on Emin from 
logarithmic to almost linear when a reactivator is exerting a significant therapeutic 


effect. In so far as the toxicity of an organophosphate varies from animal to animal in 


a given species Owing to minor variations in the “minimum essential ChE”, this change 
in dependence will result in a decrease in the slope of the mortality-dose of organo- 
phosphate curve 

Experimentally a decrease in the slope of the response curve has been observed 


29 


when oximes were used in the treatment of organophosphate poisoning®® whereas no 


TABLE |. THE LIKELY EFFECTIVENESS (LDSO RATIO, p, p) OF PYRIDINE-2-ALDOXIMI 
METHIODIDE (PAM, LV), IN THE TREATMENT OF POISONING BY SARIN (1), 
E600 on DFP (V). 


Effectiveness (py, p) 
Toxic LDSO* ky, BMp? for a “‘minimum essential 
Agent (meg ke kat ChE” level (per cent) of 
Ki pM: 


0-0020 
0-0048 


0-015 
0-031 


0-0006 
0-0012 
0-0030 


* The LDSO0’'s are for mice (sub cut.) and are taken from a*™* and b"™ 

* Rate constants 4, and 4, are for erythrocyte ChE and are in units of 1. mole! min.-'. Values of 
A, are from c° and d'*, while values for 4; are estimated for very dilute solution at 37° from results 
in and 

+ Mn and Mp are the molecular weights of PAM and the organophosphates and convert weight 
concentrations for B and p into molar concentrations 


p p CH = NOH 
N 
EtO Me | 
a a 
195 
“= 
4 Sarin 0-21 1-5 10 10 $00 1-04 1-25 2-59 
20 10 144 3-75 
50 1-14 1-87 6-50 
20 1-62 4-89 25-6 
DFP 40 10 10 10 1-03 1-17 2.04 q 
1-05 1-29 2-84 
4 
a a 


The kinetic basis of organophosphate poisoning and its treatment 125 


such consistent decrease in slope was found when acetylcholine antagonists were used 
as therapeutic agents.'° 

In Table 1, (13) has been used quantitatively to calculate the likely therapeutic 
effect of PAM against poisoning by Sarin, by E600, or by DFP (di-isopropyl 
phosphorofluoridate, V). 


'PrO O 


‘PrO 
(V) 


Experimentally, PAM is more effective against poisoning by E600 than against 
poisoning by DFP,** but is relatively ineffective against Sarin poisoning except in 
conjunction with atropine.” 

(e) Reactivating agent + detoxicating agent. Since many hydroxamic acids and 
oximes will detoxicate organophosphates as well as reactivate the inhibited enzyme, 
it is Of interest whether the ability to detoxicate would significantly enhance the 
therapeutic effect due to reactivation alone. This question can be answered qualitatively 
by consideration of (11) and Fig. 1. For a reactivator with a fixed rate of reactivation 
(k,) the lethal concentration of organophosphate (P,) at any “minimum essential ChE” 
is given by Py = (Kk, + k,)F/k,, where F may be read from Fig. | for the appropriate 
values of ky, k, + ks and Emin. If the compound has no detoxicant action k, is zero 
and P, is the same as p, in section (d), but if it will also detoxicate, P, will tend to 
increase as k, increases. But, when k, + k, increases, if the ““minimum essential ChE” 


level is to remain unaltered, the corresponding decrease in the coefficient G (= k, 
(kK, + k,)) will, as can be seen from Fig. 1, necessitate a fall in F. In other words the 
LDS50 (P,) increases not in proportion to k, + k, but considerably more slowly. But, 
if there were no reactivation, P, would, from (3), increase linearly with k, + k,, so that 
the added effect of detoxication in conjunction with reactivation is less than that of 
detoxication alone. This situation may be contrasted with the combined effect of 


detoxication and an acetylcholine antagonist which is equivalent to the effect of each 


agent acting independently (see section c). 

A further question arising out of a compound having two distinct therapeutic 
properties is whether one or other will predominate in the overall therapeutic effect. 
If(p,/p — 1) and (p,/p — 1) are used instead of p,/p or p,/p as measures of therapeutic 
efficiency, then from (6) and (13), the relative effectiveness (g) of detoxication to 


reactivation is given by 


In (Ey E min) (k,p)** ky A 
1-6 (Ey Emin)” k ky 


If Emin 1s | per cent, this becomes 


q = ky, A/14 (kyp)** 


For most toxic organophosphates k, is about 10° I.mole~* min.~! while p is about 
10-* to 10-* moles |.~', so that for such compounds (k,p)°* does not differ greatly 
from 1. Thus, only if kj; A is about 10 k, (~ 10k, B, see p. 116) will the therapeutic 
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effect of detoxication be comparable with that of reactivation. As, if both properties 
are possessed by the same compound, A and B are the same, the second order rate 
constant (A;) for reaction with the organophosphate must exceed that (kj) for 
reactivation by a factor of 10 before detoxication is likely to predominate in the 
overall therapeutic effect 

For most oximes and organophosphates the rate constants are such that the effect 
of reactivation will far outweigh that of detoxication, but in one instance, the treatment 
of Sarin poisoning by diacetyl monoxime (VI) and related compounds" the reaction 


rate 1s over 10 times the rate of reactivation. In this case the theory would suggest, in 
CH, —C—C—CH, 


NOH 
(VI) 


agreement with the available physiological evidence, that detoxication is the more 
important effect. Quantitatively the therapeutic success of diacetyl monoxime is not 
explicable on either basis, and the compound may have some other, as yet unknown, 
pharmacological action which is therapeutically beneficial 

({) Reactivating agent + acetylcholine antagonists. In section (d) it was pointed out 
that the therapeutic effect of reactivating agents was very sensitive to the “minimum 
essential ChE” level and that if this level could be lowered the therapeutic efficiency 
could be greatly improved. Such a lowering would result from the administration of 
acetylcholine antagonists together with the reactivator. The resulting synergism may 
be demonstrated mathematically as follows 

Let p be the LDSO of the organophosphate alone, p, that in the presence of the 


acetylcholine antagonist, p, that in the presence of the reactivator, and p, that in the 


yresence of both. Also let Emin be the “minimum essential ChE” in the presence of 
| 


the acetylcholine antagonist. Then from (5) and from (13) 
In (E,/Emin)/ln (E,/Emin) 
1-6 (Eo/Emin)®* (Aq/kyp)*"* 
and 1-6 (Eo/Emin)® “(A 
whence (p./p)| 1 1-6 (Eo/Emin)® "(A 
(Emin/Emin)*** { la (Eg/Emin)/ln (Eo/Emin)}°"*] (14) 


The terms on the right-hand side of (14) are the therapeutic effect of the acetylcholine 
antagonist alone, multiplied by the therapeutic effect of the reactivator alone but in 
which the non-unity term has been multiplied by the factor (Emin/Emin)®’® {ln (Eo/Emin) 
In As Emin decreases, i.e. with more effective antagonists, (Emin/Emin)°* 
will increase far more rapidly than {ln (E,/Ejin)}®* so that the above factor will 
increase rapidly and the synergism will increase enormously. 

The combined therapeutic effect of any particular group of drugs can be computed 
theoretically from (14) as required. The calculation is illustrated below for a few 
instances from Table 1. 

(i) Suppose the acetylcholine antagonist will reduce Emin from 10 per cent to 
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1 per cent, then p,/p = 2. If this same antagonist is given in conjunction with 20 mg/kg 
of PAM, which, theoretically, will raise the LDSO of E600 1-62 times, the combined 


effect is given by 


= 2 [1 + 1-6 (10)* (0-031) (10)%8 {In 10/In 100} = 6-5 


If the acetylcholine antagonist were still more effective and would reduce Emin from 
10 per cent to 0-1 per cent, then p,/p = 3, pa/p = 1°62 and p,;/p = 34. 
(ii) If Sarin were the organophosphate treated with 20 mg/kg of PAM, then if 


Emin were reduced from 10 per cent to | per cent, 


PalP 2. Pa/p 1-07 and p;/p 2-5 


If Emin were reduced from 10 per cent to 0-1 per cent, then 


3, Pa/p 1-07 and p,/p 5-2 


These specimen calculations illustrate the main theoretical features of this synergism, 
namely that the combined effect can in some cases be enormously greater than either 
individual effect, and that with a moderately good antagonist, synergism could still be 


found with a reactivator which, given alone, is almost inactive. 


Experimentally*.**.*5.*! there is a very marked synergism between the reactivator 
PAM and the acetylcholine antagonist atropine in the treatment of poisoning by a 
wide range of organophosphates. This synergism has been attributed to localization 


effects, the oxime being assumed to be active mainly peripherally and against neuro- 


muscular block while atropine counteracts the central effects of the organophosphate. 
While such distributive effects are obviously important, no amount of theoretical 


synergism being any help if neither agent can reach the sites at which the organo- 


phosphate exerts its lethal action, the mere existence of synergism is not in itself 


evidence for a difference in site of action of the two therapeutic agents. Nevertheless, 


distributive effects could strongly reinforce the intrinsic synergism, so that selection of 


a mixture of reactivators and acetylcholine antagonists such that at least one compound 
of each class would penetrate to every vital site at which the organophosphate acts, 
might prove more fruitful than a search for more potent single compounds. 

The theory developed in this paper has been applied exclusively to organophosphate 
poisoning. Precisely similar lines of reasoning could be applied to any other form of 


poisoning in which the biochemical lesion is specific and capable of being studied 


kinetically “in vitro”. 
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THE EFFECT OF PYRIMIDINE NUCLEOSIDES 
THYMIDINE, CYTIDINE AND URIDINE ON 
MORPHOLOGICAL CHARACTERISTICS ON CELLS 
GROWN IN VITRO 


A. NEecco 
Farmitalia, Laboratori Scientifici e di Ricerche, Via dei Gracchi, 35, 
Milano, Italy 


(Received 28 May 1958) 


Abstract—Nucleolus behaviour under the separate influence of the nucleosides 
thymidine, cytidine and uridine is described. These substances are able to induce 
structural changes in the nucleolus without interfering with the mitotic process. The 
conclusions are discussed in the light of other research. 


THE effect of various nucleosides and nucleotides on living cells “in vitro” was studied 
in detail by Hughes by means of phase-contrast cine-micrography. Nucleolar frag- 
mentation and, in some cases, pre-prophase inhibition were recognized. Among the 
substances examined by Hughes,’ such as adenosine, guanosine and adenilic acid, 
adenosine was the only one able to break up nucleoli, and to prevent cells from 
entering pre-prophase. Lettré,* and Lettré and Siebs* described the formation of fila- 
mentous structures in the nucleoli under the influence of adenosine. 

In our investigations, carried out on substances able to antagonize pyrimidine 
analogues (Di Marco and Gaetani,* Di Marco and Necco*), we examined the effects 


of the nucleosides thymidine, cytidine and uridine on living cells in vitro, with respect 
to the structural transformations in the nucleolus. 


MATERIAL AND METHOD 

The fibroblasts used in these investigations were obtained from explants of hearts, 
taken from eight-day chick embryos. The cultures were grown for 24 hr on coverslips, 
and then transferred to chambers adapted for phase-contrast microscopy. 

While observing the cultures, the respective nucleosides, dissolved in Hank’s saline, 
was added to them until a final concentration of 10 mM was reached. The observation 
of the cells was continued for a 3 hr period after the addition of the substances. The 
behaviour of the nucleolus under the influence of each nucleoside was recorded 
photomicrographically. 

The position of the cells in the outgrowth was noted and the culture was fixed and 
stained. The same cells were identified in the permanent preparation and compared 
with their appearance during life. 


RESULTS 
When thymidine (Schwartz’s) 10 mM in Hank’s saline, was added to a culture, 
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during the following 60 min most of the nucleoli became larger and looser, showing 
an irregular outline. 

Under the influence of 10 mM cytidine (N. B. Co.) solution, neutralized with 
N/10 NaOH, we could follow the transformation of the nucleolus from a dense to a 
filamentous structure (Plate I). Within 20 min of the application of this substance. a 


kind of swelling of the nucleolus could be observed, together with the appearance of 


a fine granular structure within it 
During the first 20 min after the application of 10 mM uridine (N. B. Co.). we 
found loose nucleoli, and “holes” became visible. Nucleolar unfolding increased 


within 60 min and went on for a further 60 min, when the culture was fixed and 
stained. (Plate II) 


DISCUSSION 

Bernhard, Haguenau and Oberling* only once observed “vacuolar” or “alveolar” 
nucleoli in a rat spleen. Several attempts to repeat this observation have not succeeded. 
According to Vincent and Huxley,’ there were most probably metabolic products of 
nucleoli in these vacuoles, since it is not possible, within the vacuole. to elicit the 
reactions of nucleic acid, proteins, etc 

Brachet,* in a recent study, demonstrated that the structure and chemical composi- 
tion of nucleoli are strictly related to the energetic conditions of the cytoplasm. In 
fact, reducing the production of energy in the cytoplasm by inhibitors of oxidative 
phosphorylation (dinitrophenol, Na usnate) it is possible to induce an inbalance of 
RNA contents in the different cellular components (nucleolus, nucleoplasm and 
cytoplasm). Using this technique in Acetabularia mediterranea, a unicellular giant alga, 
the nucleus assumes a spherical shape. strongly vacuolated and poor in RNA 

As far as the filamentous structures in nucleoli are concerned, the literature confirms 
that they are easily observable by treatment with particular substances. Nucleosides 
and nucleotides were the compounds most studied from this point of view; and all of 
them showed their ability to induce a moderate degree of nucleolar fragmentation. 
In some cases, filamentous structures were formed in a material which was formerly 
homogeneous. Most probably the effect on the nucleoli is a specific one for these 
substances 

Ihe morphological changes in the nucleolus occur as readily as they disappear after 
removal of the substances that induced them (Hughes'). Thus, it seems probable that 
such compounds easily enter the cells and that, on the other hand, the structural 
changes are easily reversible 

herefore, the particular sensitivity of nucleolar material in the presence of nucleo- 
sides suggests that, in the nucleolus, an equilibrium exists between the precursors 
(nucleosides or other more simple precursors) and nucleic acids. 
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Pirate I. Unfolding of the nucleolus 


Numbers 1-5. Living cell 5, 20, 60, 110 and 120 min respectively after the addition of cytidine (10mM) 


Number 6. The same cell. Fixation after 170 min 
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COMPARATIVE UTILIZATION BY SARCOMA-180 
CELLS IN CULTURE OF “C-LABELLED URACIL, 
6-AZAURACIL, AND THEIR RIBOSIDES* 
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Abstract—The riboside of 6-azauracil-2-'"C, 6-azauridine-2-''C, a potent inhibitor of the 


of sarcoma-180 cells in culture, is accumulated in the acid-soluble extract- 


reproduct 


ives of the ce while 6-azauracil-2-'*C, which is inactive as an inhibitor of the growth of 


these cells, ss taken up extremely poorly. Similarly, the radioactivity of uridine-2-'€ 


and uridine-2-'*C-5'-phosphate ts readily assimilated by these tumour cells, in contrast 


to that of uracil-2-'*C, which is utilized only to a limited extent. Accordingly, the differ- 
ence in the inhibitory activity of 6-azauracil and its riboside, azauridine, on the growth 
of sarcor 80 is attributed to the relative Capacities of these neop! istic cells to assimilate 
uracil and its ribose-containing derivative, uridine, upon which capacities the assimila- 
tion of the analogues are dependent 


Srupies of the metabolism of pyrimidines have suggested that effective antagonists 
of this class of intermediates could be useful not only in advancing knowledge of the 


functions of various pyrimidine-containing compounds, but also as inhibitors of 


processes essential for cellular reproduction. Of particular interest have been studies’ 
showing that neoplastic change in liver may be associated with an increased capacity 
to incorporate uracil into ribonucleic acid (RNA). However, it is now evident from 
the work of Canellakis*** that at least two factors may be involved in this altered 
behaviour of liver. Thus, in hepatomas and in regenerating liver tissue (following 
partial hepatectomy) there is a marked reduction in the capacity to catabolize uracil, 
a circumstance which can lead to an increase in the concentration of uracil available 
to hepatic cells for anabolic utilization, and thus to the appearance of uracil in RNA 
However, in addition to this interplay of catabolic and anabolic systems, another 
factor appears to be involved, for despite the constantly diminished capacity of 
regenerating liver tissue to degrade uracil, a marked increase in the incorporation of 
the pyrimidine into hepatic RNA appears about 48 hours subsequent to partial 
hepatectomy. It may be assumed that this factor plays a significant role in the anabolic 
processes of neoplastic cells derived from liver and, possibly, from other tissues.’ In 
any case, these and other observations have provided a rational basis for the develop- 
ment of antagonists of pyrimidine-metabolism as potential carcinostatic agents, e.g., 
6-azauracil (as-triazine-3 :5-dione) and 5-fluorouracil (2:4-dioxo-5-fluoropyrimidine).* 


* It is pertinent to mention, with respect to the nomenclature of pyrimidines, that according to the 
older numbering system, as-triazine-3:5-dione would be termed 4-azauracil; however, the newer 
system, recommended by the American Chemical Society and used by Chemical Abstracts, has been 
employed in our laboratories. The numerical prefix (“"6-"') probably should be employed regularly, 
although this has not been done with the abbreviation (i.e. AzU), since the corresponding symmetrical 
triazine, 5-azauracil (s-triazine-2:4-dione), in the studies so far carried out, has not shown promise 
of biological utility 
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6-Azauracil (AzU) inhibits the growth of several experimental tumours in mice, 
including sarcoma-180, and the lymphomas, L-1210 and L-5178.°* However, when 
tested on cells reproducing in vitro, AzU, in concentrations as high as 5umoles/ml, has 
no significant inhibitory activity on the growth in culture of mouse fibroblasts or 
HeLa cells,’ sarcoma-180,* L-5178-Y* and neoplastic mast cells (P-815). This lack of 
toxicity for the tumour cells in culture suggested that a metabolite of AzU, formed 
by the liver or other normal tissues of the host, might be responsible for the inhibitory 
action of the analogue in vivo. One of the major metabolites of AzU formed by 
anabolic reactions after administration of the analogue to mice is its riboside, 
azauridine (AzUR).'° On the growth of cells in culture this derivative, in contrast to 
AzU itself, has a high inhibitory activity; this has been observed with sarcoma-180,° 
L-5178-Y* and P-815 mast cells. Furthermore, the dosage of AzUR (which is not 
cleaved to AzU by the mouse) required to inhibit the growth of several experimental 
tumours in mice is only one-tenth to one-twentieth that of AzU.*° 

In order to elucidate the biochemical mechanisms responsible for this marked 
difference in the inhibitory activity of AzU and its riboside for tumour cells, the 
relative utilizations by sarcoma-180 cells in culture of “C-labelled uracil, uridine, 
uridine-5’-phosphate (UMP), AzU and AzUR have been examined and the findings 
are presented in this communication. 


MATERIALS AND METHODS 
The compounds studied were labelled as follows: uracil-2-"C, uridine-4-"C, 
uridine-4-""C-5’-phosphate, 6-azauracil-2-“C (as-triazine-3:5-dione-3-“C) and its 


riboside, 6-azauridine-2-"C.* 

The culture techniques employed were those described previously:* 200,000 
sarcoma-180 cells, suspended in 2 ml of Eagle’s medium" containing 10 per cent horse 
serum, were introduced into each culture flask (Earle’s T-15)'? and allowed to multiply 
for four days. After the first 24 hours the medium was replaced by Eagle’s medium 
containing 5 per cent dialysed horse serum, and this medium was renewed daily. 
During the third and fourth days of the incubation the sarcoma-180 cells were 
exposed to a “C-labelled compound (added to the medium in a final concentration of 
0-2 umoles/ml). A generation-time of approximately 48 hours was obtained, resulting 
in a cell-count of about 400,000 after two days and 800,000 after four days. It is 
important to note that, during this relatively short time, the growth of the cultures 
exposed to the labelled AzUR was not significantly inhibited. At the end of the 
incubation period the individual cultures were treated as follows: the cell layer was 
washed repeatedly at 3°C with fresh medium, and removed from the glass surface of 
the culture flasks by treatment with | per cent ethylene-diamine tetraacetate 
(“Versene”). Subsequent to the addition of cold trichloroacetic acid (TCA) (final 
concentration, 5 per cent), | ml of a 10 per cent homogenate of mouse liver was 
added (to serve as a carrier for the minute amounts of cellular material). Finally, the 
TCA-precipitate was fractionated according to the procedure of Schneider; this 
permitted the separation of the low-molecular weight pyrimidine-derivatives (acid- 


* We are grateful to our colleagues of these laboratories: P. K. Chang, for the synthesis of 
6-azauracil-2-'""C R. E. Handschumacher, for a generous supply of 6-azauridine-2-"C; and 
E. S. Canellakis, for assistance in the enzymic conversion of orotic acid-4-"C to uridine-4-"*C and 
UMP-4-C. 
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soluble fraction) from the products of nucleic acid-hydrolysis. The radioactivity of 


the fractions was measured in a liquid-scintillation counter* and the results (Table 1) 
are expressed in per cent of the total radioactivity added to the medium. 


TABLE |. INCORPORATION OF “@C-LABELLED NUCLEIC ACID PRECURSORS AND THEIR 
ANALOGUES INTO SARCOMA-I80 IN CULTURE 


Percentage of total counts recovered 


in in 
acid-soluble nucleic acid 
fraction fraction 


0-30 
ridine 3-64 
line-5’-phosphate 41 
A\zauracil 
6-Azauridine 


The results given in the table are from a typical experiment which is representative 
of several others. The data presented were derived from cultures run in parallel, and 
each of the values is an average of the results obtained from two cultures. 


RESULTS 

As shown in Table 1, free uracil was incorporated relatively poorly by the sarcoma 
cells, while uridine and UMP were taken up to a much greater extent, both into the 
acid-soluble fraction and into the total nucleic acids. AzU was assimilated exceedingly 
poorly, as indicated by the very small amounts extracted by cold TCA. However, 
its riboside, AzUR (or derivatives thereof). appeared in the acid-soluble fraction in 
an amount which was approximately one-third that of the corresponding metabolite, 
uridine, and to a much higher degree than uracil. On the other hand. neither form of 


the analogue was incorporated into the fraction containing the nucleic acids. 


DISCUSSION 

hese studies indicate that sarcoma-180 cells have a relatively inefficient system for 
the utilization of free uracil Although this utilization is believed to involve the forma- 
tion of UMP, probably from uridine as an intermediate. this has not been definitely 
established under these conditions. In any case, the riboside of uracil is utilized 
efficiently by the cells and the presence of a uridine kinase is strongly indicated. It is 
suggested that AZUR serves as a relatively good substrate for this kinase. though not 
as efficiently as does uridine. In fact, the conversion of AZUR to its phosphorylated 
derivatives has been demonstrated by Handschumacher™ in bacterial cells and by 
Pasternak and Handschumacher" in lymphoma L-5178-Y. For the relatively inefficient 
uracil-utilizing system of sarcoma-180, Azl appears to be a very poor substrate; as a 
result, these tumour cells accumulate this analogue to an insignificant extent. The 
situation resembles that which was observed by Handschumacher in Azl -resistant 


* Aliquots in aqueous solution (in volumes not exceeding 0-5 ml) were added to 20 ml of a mixture 
of absolute ethar nd toluene (1:2) containing 0-27 per cent 2:5-diphenyloxazole and 0-0033 per 
cent | :4-di-(2-(5-phenyloxazole))-benzene, and measurements of radioactivity were made in a liquid 
scintillation counter (Technical Measurements ( ompany, New Haven). Appropriate internal 
Standards were run as tests of the degree of quenching of light-emission. 


q 
4 
— 
Jol 
195 


Comparative utilization by Sarcoma-180 cells 135 


strains of Streptococcus faecalis, since these cells, although permeable to AzU. were 
unaffected by it, but their growth was markedly inhibited by AZUR. It was shown 
that the resistant bacterial cells which were selected by AzU were those which had. in 
contrast to the parent organisms, a very limited capacity to utilize free uracil-2-"C, 
but which retained the ability to utilize uridine-2-“C efficiently,’* and their sensitivity 
to inhibition by AZUR. 

It is of considerable interest that neither AzU nor its riboside was incorporated to 
a significant degree into the nucleic acids of the cells. Thus, the inhibitory action of 
AzUR on the reproduction of sarcoma-180 cells in culture (which is readily observed 
in more prolonged experiments),* almost certainly cannot be attributed to the forma- 
tion of so-called fraudulent nucleic acids. From the recent studies of Handschumacher"™ 
and Pasternak and Handschumacher,’® which have demonstrated that azauridine-5’- 
phosphate (AzUMP) blocks the conversion of orotidine-5 -phosphate to UMP, it 
appears reasonable to suggest that the mechanism of action of AZUR. mediated by 
its phosphorylated derivative, is to block one step in the pathway of conversion of 
orotic acid into the various pyrimidine-containing compounds of the cell. Thus, 
AzUR may be regarded primarily as a specific inhibitor of the intracellular acquisition 
of pyrimidines synthesized de novo. AzU, which has not been significantly inhibitory 
to the growth of those cells studied in culture, nevertheless must be converted to 
ribose-containing derivatives in order for carcinostatic activity to be exerted in vivo; 
such a conversion has been demonstrated to occur in liver tissue.” In addition, it has 
been shown that of AzU-2-"C administered either to man or mouse. from 2 to 5 per 
cent appears in the urine as the riboside.'’ 

A point of ancillary significance is the very slightly, but consistently, higher uptake 
of isotopic carbon from UMP-2-"C as compared to that of uridine. Studies with 
doubly labelled compounds (*“P as well as “C) have not been done: accordingly, it is 
not possible to attribute these findings to assimilation of the intact nucleotide by these 
sarcoma Cells. However, it has also been observed that the inhibitory activity of AZUR 
on the growth of sarcoma-180 cells in culture is more effectively antagonized by the 
5'-phosphates of uridine and cytidine than by the corresponding ribosides, and, in 
preliminary experiments by Fischer’ with L-5178-Y cells in culture, AZUMP appears 
to be significantly more active as an inhibitor of cellular reproduction than is AZUR. 
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Abstract—Compounds of similar structure to kinetin (6-furyl-amino- purine) have been 
studied with regard to their action on animal or human cells in tissue cultures. Of the 


compounds, two are derivatives of biogenic amines, 6-puryl-tryptamine and 6-puryl- 


histamine. The first induces disturbances of mitosis of normal and malignant, animal 


and human cells, while the second compound is cytotoxic against tumour cells. but 


showed no effect on normal fibroblasts 


IN 1955, Miller er a/.! described the isolation of a new plant growth factor, kinetin. 
Kinetin is essential for cell divisions of plant cells in tissue culture in a medium of 
partly known composition together with 8-indolyl acetic acid. Chemically, it proved 
to be 6-furyl-aminopurine (1).? 

With a preparation of kinetin, given to us by Skoog in 1955, we could detect no 
growth-promoting effect on tissue cultures of normal or malignant, animal or human 


cells or an increase of the number of mitoses. Other investigators have found a growth- 
promoting effect of kinetin also on animal cells. Orr and McSwain? describe a growth 
stimulation by kinetin in human epithelium and human fibroblasts: and Japanese 
authors* found an increase of the mitotic rate in cells of the Yoshida tumour of the 
rat in vivo under the influence of kinetin. Guttman and Buck® likewise confirmed a 
positive effect on the division of paramaecium caudatum. On the other hand neither 
we* nor Biesele’ have seen any growth-stimulating effect of kinetin in repeated experi- 
ments with tissue cultures or with animal tumours in vivo. These negative results 
cannot exclude that a factor like kinetin is of importance for the induction of mitosis 
of animal cells. The tissue cultures and the tumours (the cells or their environment) 
may contain already an optimal quantity of such a factor so that a further addition is 
without effect. For a decisive test cells must be grown in a medium free from kinetin: 
and until this is done the question whether kinetin is an essential growth factor for 


animal cells as well as for plant cells remains open. 

This paper is concerned with the action of compounds having a structure similar 
to kinetin and sixty N6-substituted adenine derivatives have been tested. The results 
with 6-puryl derivatives of tryptamine and histamine will be reported in detail. 

Most of the compounds which are closely related in chemical structure to kinetin. 
like kinetin itself, show no perceptible effect on animal and human cells in vitro. 
Examples are such compounds in which the furan group is substituted by the phenyl-, 
thienyl-, or -pyridyl group (II, m = 1, III, IV). Skinner and Shive*.%° found an 
inhibitory effect of the 6-phenyl-alkyl-aminopurines (II, n = 1-5, 7) in the regenera- 
tion of amputated tentacles of hydra which increases with the length of the alkyl 
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side chain. We could perceive no effect on animal and human cells in vitro with the 
substances kindly given to us by Dr. Skinner. In addition, we prepared the 6-cetyl- 


amino-purine (V)"' which was also inactive. 


rhe first compound which proved to be effective was the 6-puryl tryptamine o1 
6-N-8-indolyl-ethyl adenine (VI).° This compound produces disturbances of mitosis in 
normal as well as in malignant cells. There is a delay in the separation of the chromo- 
some sets and an inhibitory effect on the plasma division, resulting in numerous cells 
with two nuclei (see Figs. 1-2). If the chromosome sets are not completely separated 
there takes place all the same a reconstruction of resting nuclei but the junction between 


the reconstructing nuclei gives the impression of 


amitotic nuclear divisions (see 
Figs. 3-11). In various tumours examined, manifold modifications of the process of 
mitosis can be seen, which consist of the scattering of chromosomes, in the develop- 
ment of the so called “metaphase a trois groupes”, and in other disturbances (see 
Figs. 12-13). The activity of the compound resembles in its mode of action that of 
adenine, examined by Hughes,'* who observed a similar effect on fibroblasts with a 
400 times larger dose (calculated on a molar basis). If we combine this compound 
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Fics. | and 2. Chicken fibroblasts, 45 hr under the action of 6-puryl-tryptamine 


(25 wg mi). Bi- and tri-nucleated cells. Bouin’s fixation. Hemalum (Mayer). 500 
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Fics. 12-15. Tumour cells (HeLa-strain). Bouin's fixation. Hemalum (Mayer). 500 


Fics. 12 


13. Twenty-four hours after addition of 6-puryl-tryptamine (25 ug ml). 


Fics. 14, 15. Forty-eight hours after addition of 6-puryl-histamine (200 ug mi) 
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20. Living cells of the Yoshida sarcoma of the rat, grown on a carpet of normal rat fibroblasts 
in a Carrel flask. A series of five images taken from a time lapse picture. 200 


Untreated culture. The rat fibroblasts are covered by a dense layer of the rapidly moving 


ameboid tumour cells 


Fic. 17. Three minutes following the addition of some crystals of 6-pury! histamine. located in the 
lower part of the picture. Increasing by the tumour cells stop any further movement 
Fic. 18. Three hours later. The crystals are almost completely dissolved (see slight shadow to the 
lower left). The degeneration of the sarcoma cells continues while the normal rat fibroblasts gradually 
become visible 


Fic. 19. Twenty-four hours later. Normal rat fibroblasts start moving through the field. The tumour 


cells show complete disintegration 


Fic. 20. Forty-eight hours later. The debris is overgrown by normal rat fibroblasts 
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with kinetin, the effect of the indole derivative is not antagonized. It is not yet defined 
how the action of (VI) can be interpreted from the biochemical point of view. 

Searching for other effective compounds we found in the 6-puryl-histamine or 
6-8-imidazolyl-ethyl-adenine (VII) another active substance? This substance was 
reported by Skinner as ineffective in the regeneration test with hydra and it proved 
to be ineffective also in our hands with normal fibroblasts in vitro. even at the highest 
possible concentration. But it also produces Strong cell-destroying effects on tissue 
cultures of sarcomas and carcinomas (see Figs 14-15), which are already injured by 
a dose of 100 «g/ml. 

The Yoshida rat tumour can only be cultivated in vitro as a permanent culture if in 
the same culture normal fibroblasts are present.'* These cells by themselves would 
die out within 10 days, but we have kept them alive now for 5 years in combination 
with fibroblasts in the tissue culture. When 6-puryl-histamine at 100 «g/ml is added 
to such a mixed culture, the tumour cells are destroyed and a pure culture of normal 
fibroblasts remains. Eariier experiments by A. Schleich’®."* have shown that even a 
single cell of this tumour multiplies, when explanted in a culture of rat fibroblasts, and 
that after some time the cells of the Yoshida tumour overcrowd the culture of fibro- 
blasts. From the fact that the mixed cultures of fibroblasts and } oshida tumour cells 
after treatment with 6-puryl-histamine prove free from tumour cells after further 
cultivation, one can conclude that all tumour cells have been destroyed. This 
phenomenon has also been studied by motion pictures* and some frames from this 
film are shown in Figs. 16-20. 

Not all biogenic amines acquire activity on substitution with the puryl group, 
e.g. the 6-puryl derivatives of phenyl ethyl amine (II, n — 2) or mescaline (VIII) had 
no effect in tissue culture. 

Biesele ‘* '* has found, with purine itself and with 2:6-diamino-purine a stronger 
effect on sarcoma cells than on normal fibroblasts. With 6-puryl-histamine one can see a 
further increase in the selective effect on tumour cells in comparison with normal 
fibroblasts. The selective action of this compound can only be demonstrated in tissue 
culture; but these results are sufficiently encouraging to warrant further studies 


MATERIAL AND METHODS 

Substances. The compounds were prepared by condensation of 6-methylmercapto 
purine’® or 6-chloro purine" with the corresponding amines. 

Compound I was received from Dr. F. Skoog, Madison, Wisc. ; another sample was 
prepared here by Dr. H. Endo. 

Il, n = 3, 4, 5 and 7, and IV were received from Dr. Skinner. Austin. Texas. 

Il. n | and 2, IIIf and VI were prepared here by Dr. H. Endo. 

V, VII and VIII were prepared here by Diplomchemiker H. Ballweg. 

m.p. = melting point. 

V: m.p. 152-53° (154~-55° 

VI: m.p. 241 

VII: m.p. 256—57° (256° 1). 

VIII: m.p. 202 

Tissue cultures. The methods generally used here have been described earlier®®.!, 
To the medium of hanging drop cultures the compounds are added, either in solution 


* This film has been demonstrated in March and April 1958 in eight places in USA. 
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or in solid form. With fibroblasts, the addition is done at the time of explantation, 
with tumours 2 days after the explantation in hanging drop cultures. The cells of the 
Yoshida tumour of the rat are cultivated together with rat fibroblastes in Carrel flasks. 

In untreated cultures of chicken fibroblasts, we have found an average percentage 
of mitoses after 24 hr of 3-85 and after 48 hr of 1-92 (values from 300,000 cells from 
300 cultures for each time). With the addition of 6-puryl histamine VII (100 g/ml) 
the percentage of mitoses was 3-2 after 24 hr (controls 3-4) and 1-6 after 48 hr (con- 
trols 1-7). Under the action of 6-puryl tryptamine VI (25 ug/ml) the percentage of 


mitotic figures was 10-0 besides 10-8 per cent of bi- or poly-nucleated cells after 24 hr 


(controls 3-6 per cent mitoses). After 48 hr the values were 6-7 per cent mitoses and 
22-0 per cent of bi- or poly-nucleated cells (controls 2-5 per cent mitoses) and after 
72 hr 3-0 per cent mitoses and 29-9 per cent of bi- or poly-nucleated cells (controls 


0-6 per cent mitoses). 


icknowledgemen We have to thank Mrs. Lydia Déring, Mr. August Mayer, Mrs. Ingeborg 
Martinius, Mrs. | Milewski and Dr. Anna Suchetzky for their valuable technical assistance 
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Abstract—The activities of various hepatic enzymes of hexose metabolism were studied 
in normal rats. The activities and their standard errors, expressed in micromoles of 
substrate reacting per minute per gramme wet-weight of liver at 30°, were found to be: 
glucose-6-phosphatase, 65 (+ 0:34); fructose-1:6-diphosphatase, 5-0 (+ 0-29): 
glucose-6-phosphate dehydrogenase, 1-1 (+ 0°14); 6-phosphogluconic dehydrogenase, 
2:6 (0-44); fructokinase, 4-5 0-62): phosphorylase (towards glycogen), 12:3; 
phosphorylase (towards glucose-l-phosphate), 4-4. The high relative activity of phos- 
phorylase, as well as its reversibility, raised serious questions as to the role of phosphory- 
lase activation in epinephrine-induced hyperglycaemia. Furthermore, no alteration in the 
activity of this enzyme was detected when hyperglycaemia was prevented by administra- 
tion of dihydroergotamine, or was produced by injection of epinephrine. These findings 
suggested that epinephrine administration must bring about, in addition to phos- 
phorylase activation, events which alter the equilibrium conditions to those greatly 
favouring glucose formation or which activate an alternative pathway for glycogen 


breakdown 


INTRODUCTION 
Over the past decade Sutherland and his colleagues have reported a series of investi- 
gations which have shed considerable light on the biochemical mechanisms involved 
in epinephrine and glucagon hyperglycaemia. In early experiments*-* an increase in 
glucose output was observed when rabbit liver slices were incubated with G-1-P? or 
G-6-P, a finding which suggested that phosphorylase is the rate-limiting enzymatic 
step in the glycogen to glucose pathway. Addition of epinephrine or H-G (glucagon) 
to such slices caused increases in intracellular G-1-P and G-6-P concentrations indi- 


cating that these hormones increased phosphorylase activity. This hypothesis was 
confirmed‘ by measuring the phosphorylase activity of liver slices incubated for various 
periods of time at 37°, since the considerable decrease in the activity of this enzyme 
which occurred upon incubation could be restored to approximately its original level 
by further incubation in the presence of epinephrine or H-G. 


* Supported by a grant from the Wisconsin Alumni Research Foundation. A portion of this work 
was presented at the Fall Meeting of the American Society for Pharmacology and Experimental 
Therapeutics, November, 1956.! 

+ Scholar in Medical Science of the John and Mary Markle Foundation. 

t The following abbreviations are employed: G-1-P for glucose-|-phosphate, G-6-P for glucose- 
6-phosphate, 6-PG for 6-phosphogluconate, FDP for fructose-1 :6-diphosphate, TPN for triphospho- 
pyridine nucleotide, DHE for dihydroergotamine, DNP for 2:4-dinitrophenol, G-6-Pase for glucose 
6-phosphatase, G-6-P dehydrogenase for glucose-6-phosphate dehydrogenase, 6-PG dehydrogenase 
for 6-phosphogluconic dehydrogenase, FDPase for fructose |, 6-diphosphatase, H-G for glucagon, 
and umole for micromole. 
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These observations were further clarified by the demonstration and purification of 


two enzymes, which specifically inactivated and reactivated liver phosphorylase by 


respectively removing and adding a phosphate group. Thus, it appeared that the 
phosphorylase activity measurable at any given time was the resultant of the action 
of these opposingenzymes.® * Very recently Sutherland and his colleagues* have shown 
that the addition of pharmacological quantities of either epinephrine or glucagon to 
the particulate fraction of a liver homogenate induces formation of a unique adenine- 
containing dinucleotide which, if added to the supernatant fraction, causes reactivation 
of inactive phosphorylase. This new nucleotide is apparently identical with a cyclic 
dinucleotide synthesized and described by Markham"*. This finding, obviously a dis- 
covery of the first magnitude, indicates that phosphorylase activation by epinephrine 
is not a direct effect but rather one which is secondary to the synthesis of this 
nucleotide 

[his report is concerned with the relative activities of the various potentially 
rate-limiting enzymes of hepatic hexose metabolism in the rat and raises a number of 
questions regarding the role of phosphorylase activation in epinephrine hyper- 


glycaemia 


MATERIALS AND METHODS 

Vaterials 

Dipotassium G-I-P, barium G-6-P and barium FDP were purchased from the 
Schwarz Laboratories. Barium 6-PG was purchased from the Sigma Chemical 
Company. The barium salts were converted to potassium salts by treatment with 
potassium sulphate. Glycogen was purchased from the Pfanstiehl Laboratories, TPN 
trom the Pabst Laboratories, epinephrine from Parke Davis & Company and di- 
hydroergotamine methanesulphonate from the Sandoz Company. The other materials 


used were of the highest purity available commercially. All water used was doubly 
distilled, the second distillation being carried out in an all-glass still 
Normal rats used in these studies were females of the Holtzman strain weighing 


~ 


150-250 g. They were fed laboratory chow ad /ibitum 
Determinat 
Blood sugar concentrations were determined using tail vein blood by the anthrone 


procedure ter deproteinization with zinc sulphate and barium hydroxide." 
Orthophosphate was measured by the Lowry-Lopez™ and King modifications" of 
the Fiske-Subbarow procedure. TPN reduction was measured at 340 mu in a Beckman 


DU-spectrophotometer with a photomultiplier attachment 


reparatioi fractions 

Animals were anaesthetized with pentobarbital sodium (40 mg kg) intraperitoneally 
Thirty minutes later they were decapitated, their livers were removed. blotted dry on 
filter pape nd divided into two weighed portions. All subsequent operations were 
yerformed at ice-bath temperatures and all homogenizations were done with Potter- 


Elvehjem homogenizers. A portion of liver was immediately homogenized in a 


weight determinat.on have shown this proposed uctur to be erroneous. 
W. Rall, J. Biol. Chem. 232, 1077, 1958). Lipkin f. al. now suggest 
a cychc mononucleotide, adenosine 3’. 
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solution containing 0-15 M potassium chloride, 0-01 M sodium fluoride, and 0-001 M 
adenylic acid and brought to a final dilution of 1:10. This homogenate* was used for 


; assays of phosphorylase activity in both directions. The remainder of the liver was 
. homogenized in and brought to a 1:5 dilution with 0-15 M potassium chloride. 
7 A portion of this homogenate was used for the G-6-Pase assays and the remainder was 
. centrifuged at 18,000 g for 30 min at 0°. The precipitate was homogenized and again 
é centrifuged as described, after which the supernatant fluids were combined and 
: brought to a 1:10 dilution (1 g of liver/10 ml) with 0-15 M potassium chloride. This 
3 was employed in the assays of G-6-P dehydrogenase, 6-PG dehydrogenase, FDPase, 


and fructokinase. Centrifugations were performed in an International refrigerated 
centrifuge, model PR-2, with a high-speed attachment. 


Enzyme assay procedures 


In order to make comparisons possible all enzymatic activities are expressed as 


emoles of substrate disappearance or product formation per minute per gramme 


wet weight of liver or per 100 grammes of animal under optimal conditions at 30 


With the exception of the dehydrogenase assays, the enzymatic activities were 
determined in duplicate and at two enzyme concentrations equivalent to 20 and 40 mg 


of liver (e.g. 0-1 and 0-2 ml of a 1:5 homogenate). G-6-P and 6-PG dehydrogenases 
were measured using the equivalent of 10 mg of liver. In each assay appropriate 


blanks and controls were included to enable corrections for zero time conditions and 


non-specific enzyme action. Phosphorylase and G-6-Pase assays were performed 


immediately after homogenization because of the relative instability of these enzymes. 


Assays 


G-6-Pase"*, phosphorylase-toward glycogen", FDPase!*, G-6-P dehydrogenase, 


6-PG dehydrogenase,'’ and fructokinase!® were assayed with minor modifications, 
according to procedures described by previous workers. 


Phosphorylase-toward G-\-P 

The reaction mixture contained | per cent glycogen; potassium phosphate buffer, 
0-05 M, pH 6-5; sodium citrate buffer, 0-03 M, pH 6-5; sodium fluoride. 0-01 M: 
potassium chloride, 0-03 M, and whole liver homogenate in a final volume of 1 ml. 


The reaction was started by addition of liver homogenate and stopped with heat after 


30 min incubation. The tubes were chilled and inorganic orthophosphate was precipi- 


tated by the addition of magnesia mixture after which G-1-P was determined as 
orthophosphate liberated by boiling with 1 M hydrochloric acid for 7 min. 


RESULTS 
Relative activities of enzymes of hexose metabolism 


Tables | and 2 present the activities of a number of hepatic enzymes of hexose 


metabolism determined in our laboratory. Certain of these enzymes (individually or 


in various combinations) have been measured elsewhere under comparable conditions 


* When reaction mixtures containing this homogenate were incubated for 30 min at 30 prior to 
the addition of G-1-P (substrate), no change in the activity of phosphorylase occurred, a finding which 
indicates that this enzyme is not inactivated during the period of assay. Also, maintenance of this 


homogenate in the absence of the other components of the reaction mixture for 60 min at ? caused 
no loss of activity, whereas incubation at 30° for 30 min resulted in nearly complete inactivation of 
the enzyme 
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TABLE |. ACTIVITIES OF HEPATIC G-6-PASE. FDPASE. G-6-P DEHYDROGENASE, 6-PG 
DEHYDROGENASE, AND FRUCTOKINASE IN NORMAL RATS* 


No. of Specific activity+ Specific activity* 
Enzyme rats (per g wet-weight (per 100 g of rat) 
ot liver) 


Viean 
G-6-Pase 17 0-34 1-73 
DPase 21 50 0-29 0-90 
G-6-P dehydro 10 0-14 0-46 
6-PG dehydro 5 2-6 0-44 10-6 1-93 
Fructokinase 7 4:5 0-62 14-9 


* Normal rats listed in Tables 3-5 are not included in this Table. Rats used were females of the 


Holtzman strain weighing 150-200 g 

* Expressed ir es of substrate reacting per minute at 30 . In 17 animals the assays for G-6-Pase, 
FDPase, and pI horylase in both directions were performed on the same livers. In other cases, only 
one or two enzymes were assayed per liver. The values obtained in these assays did not differ signit- 
cantly from those obtained when all enzymatic activities were assayed 


+ 


TABLE 2. HEPATIC PHOSPHORYLASE ACTIVITIES IN NORMAL RATS* 


Specific Specific Extrapolated? Activity 
Direction of No.of  activityt (using activity? (using specific (expressed in 
phosphorylase rats 20 mg of liver 40 meg of liver activity pmoles min per 1 
per assay tube per assay tube) 100 g of rat$) 7QC! 


Vean 
Glycogen 44 9-8 03 
G-1-P 34 


* Normal rats listed in Tables 3-5 are not included in this table. Rats used were females of the 
Holtzman strain weighing 150-200 ¢ 

* Expressed i oles Of substrate reacting per minute per gram wet-weight of liver at 30 

: Mean specific activity at two enzyme concentrations extrapolated to zero-concentration. 

» Calculated from extrapolated specific activities 


and the activities reported are in good agreement with the above.'’:'*-™ These 


activities represent the maximal rates attained under optimal conditions of pH, 


substrate concentration, etc., and offer little information on the actual velocities at 


any given moment under steady-state conditions in vivo. For example, these measure- 


ments do not take into account the Michaelis constants of these enzymes. Small 


changes in substrate concentration in the Michaelis range could cause large changes 


in reaction velocities. However, it seems more than coincidence that these maximal 


activities are of a similar order of magnitude, particularly those enzymes which 


function in the direction of glucose formation. A similar pattern of activities was 


observed in other species studied in smaller numbers, i.e. cat, dog and rabbit. 


Under the assay conditions employed, all the enzymatic reactions studied except 


phosphorylase obey zero order kinetics. Phosphorylase (Table 2) is a readily reversible 


enzyme and its apparent rate decreases as the reactions proceed. The presence of 


fluoride in the reaction mixture prevents both inactivation of phosphorylase® and 


depletion of G-!-P (substrate or product depending upon the direction measured) by 


phosphoglucomutase action. Phosphorylase, therefore, follows “‘pseudo”’ first-order 


kinetics’® and must receive special consideration if its activity is to be compared with 
those of the other enzymes. Under the conditions used in these studies, increasing the 
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amount of enzyme decreases the apparent specific activity of phosphorylase. Similarly, 
if this measurement is made over varying time intervals at a uniform enzyme con- 
centration, decreasing values are obtained. When the enzyme concentration is 
varied over an eight-fold range, the apparent specific activity decreases in 
approximate linearity with increasing amounts of enzyme. Also, when the enzyme 
concentration is constant and the assay time varied, the apparent specific activity 
decreases in approximate linearity with time. However, these conditions may not hold 
in the intact animal in which, for example, after formation, G-1-P might be converted 
rapidly to G-6-P by phosphoglucomutase action. Under equilibrium conditions 
strongly favouring glycogen breakdown and glucose formation, the Steady-state 
velocity of phosphorylase in the direction of G-1-P might approach the initial velocity. 
Therefore, the most valid measurement for comparative purposes is the specific 
activity determined at zero time or zero enzyme concentration. If one extrapolates to 
zero the mean specific activities measured at two concentrations of enzyme (Table 2), 
the specific activity in ~moles/min per g wet-weight of liver of phosphorylase becomes 
12-3 in the direction of glycogen and 4-4 in the direction of G-1-P.* 

Since G-6-Pase is very labile, measurements were made with homogenates rather 
than with isolated microsomes, a circumstance which increased the error from non- 
specific phosphatase action. When phenyl phosphate replaced G-6-P as the substrate. 
orthophosphate was liberated at rates of 1-5 to 2-0 zmoles/min per g wet-weight of 
liver. Although one cannot compare these phosphate esters directly as substrates 
for non-specific phosphatases, these observations suggested that the mean observed 
specific activity of G-6-Pase should be corrected downward to approximately 4-5 to 
5:5 zmoles/min per g wet-weight of liver. This value is in substantial agreement with 
those reported elsewhere'*.?°.22.24, On the other hand, phosphatase action occurring 
during the measurement of phosphorylase activity in the direction of G-1-P would 
destroy some of the product of the reaction and result in an observed specific activity 
lower than the true value. 

Although measurements of phosphoglucomutase and phosphohexoseisomerase 
activities are omitted from these studies, work done in other laboratories indicates 


that their activities are much greater than those of the enzymes examined.22-25 

The above studies were done on anaesthetized rats and it was assumed that phos- 
phorylase activation due to intrinsic epinephrine release did not occur. However, this 
possibility did exist and the following studies were performed to assay enzymatic 


activities when epinephrine hyperglycaemia was either induced or prevented. 


Influence of method of sacrifice on blood sugar concentration 

The effect of the method of sacrifice upon the blood sugar concentration was 
examined in a series of preliminary studies (unpublished observations in this laboratory 
by L. Rhein). Decapitation of unanaesthetized animals almost invariably caused an 
immediate increase in the blood sugar concentration. While anaesthetization 30 min 
before decapitation decreased the incidence of hyperglycaemia, many animals still 


* If one assumes a hypothetical first order reaction and extrapolates to zero the mean specific 
activities determined over different time intervals, a closer approach to linearity is obtained with 
semilogarithmic graphing. If the data of Table 2 are plotted in this fashion, slightly higher figures are 
obtained (13-3 and 4:8 ~moles min per g wet-weight of liver). 

* Since FDPase assays are performed with homogenates from which most cellular particles have been 
removed by high-speed centrifugation, the error due to non-specific phosphatase action is much less. 
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displayed this phenomenon. If a lobe of liver was removed under deep pentobarbital 
anaesthesia, hyperglycaemia still occurred in a few animals. However, the intravenous 
administration of 5-6 mg of DHE per kg, prior to removal of the liver in anaesthetized 
rats, prevented hyperglycaemia in all animals studied. 


TaBLe 3. EFFECT OF EPINEPHRINE AND DHE ON G-6-PASE AND 
PHOSPHORYLASE ACTIVITIES 


Enzymatic activities 


Blood sugar conc 
(in mg per cent) G-6-Pase Phosphorylase 


10 min 70 min Glycogen G-1-P 


formation formation 


| Control 6 103 70 §-§ 0-4 9-9 0-8 
10-8 0-7 


102 


rero-time (Pentobarbital Sodium, 40 mg kg, intraperitoneally). In the 


grTOUDS give | e DHE (5-6 mg kg, intravenously) was given at 10 min and the epinephrine 
0-1 ks eally} at 40 min. Tail vein blood samples were withdrawn at 10 and 70 min 
prior to c cm ). Enzymatic activities are expressed in ~moles of substrate reacting per 
nute per g wet-weight of liver at 30°. Four rats (one from each group) were run simultaneously 

n each experime \ll figures given represent mean the standard error of the mean 


cl of DHI 
lo investigate the action of epinephrine and DHE on liver phosphorylase, four 


and epinephrine on hepatic enzymatic activities 


groups of rats were treated as described in Table 3. No significant changes were 


observed in blood sugar concentrations after 70 min of pentobarbital anaesthesia 


except in the animals (group 3) treated with epinephrine alone. Administration of 


DHE prior to epinephrine (group 4) blocked the hyperglycaemic response to this 


hormone. No significant changes in the activities of G-6-Pase or phosphorylase were 


seen in these groups 


Effect of removal of hepatic lobes on phosphorylase activity and blood sugar concentration 


It was possible that the trauma due to the removal of the livers (Table 3) caused a 


release of epinephrine or a sympathetic discharge which overcame the DHE blockade 


and caused an activation of inactive phosphorylase. The experiments described in 


lable 4 were performed to check this possibility. After administration of DHE, two 


lobes were removed at different time intervals and blood sugar concentrations were 


determined before and after the removal of each lobe. The phosphorylase and 


G-6-Pase activities of each lobe were measured. No changes were observed in the 


enzymatic activities of the two lobes and, more importantly, blood sugar concentra- 


tions remained the same or decreased after the lobectomies, indicating that any 


epinephrine release induced by trauma had not resulted in escape from the DHI 


blockade. In control experiments in which DHE was omitted, hyperglycaemia usually 


occurred after removal of the first hepatic lobe, a finding which indicated that blood 


sugar increases could still occur despite the decrease in liver mass. Also, epinephrine- 


induced hyperglycaemia still occurred after lobectomy (Table 5). 


‘ 
No 
| 8.04 
treated 6 102 5-7 155 25 $9+09 10-5 06 3-8 + 0-2 
treated 6 10? 90 | | 56 0-4 9.3 0-9 2.9 0-4 
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TABLE 5. PHOSPHORYLASE ACTIVITIES AND BLOOD SUGAR CONCENTRATIONS 
SHORTLY AFTER EPINEPHRINE ADMINISTRATION* 


Blood sugars (mg Phosphorylase activity+ 
towards glycogen in hepatic 
0 8 Min 1S Min 25 Min lobe removed at 10 min 


124 128 137 148 
90 90 97 151 
94 109 108 126 
90 SS 108 136 
100 88 109 117 


Ah 


Mean 100 (+ 65) 80) 112(+ 68) 136¢-+ 6-5) 10-9 ( 


* Animals were anaesthetized at zero-time (Pentobarbital sodium 40 mg/kg intraperitoneally) 
Epinephrine (0-1 mg kg intraperitoneally) was administered at 5 min. Hepatic lobes were removed 
at 10 min and ta ein blood samples withdrawn at zero, 8, 15, and 25 min 

+ Enzymatic act es are expressed in «moles of substrate reacting per minute per gram wet-weight 
of liver at 30°. For each assay the equivalent of 20 mg of liver was used per reaction tube 


Early effects of epinephrine on phosphorylase activity 

In groups 3 and 4 of Table 3 hepatic lobes were removed 30 min after epinephrine 
administration. The question arose as to whether an instantaneous increase in 
phosphorylase activity occurred which had returned to normal by the time these 
livers were examined. Therefore, experiments were performed in which epinephrine 
was administered and the livers removed shortly after the onset of hyperglycaemia 
(Table 5). Two minutes after the intraperitoneal administration of epinephrine marked 
accelerations in heart and respiratory rates were noted. In hepatic lobes removed 
5 min after drug administration, no significant increases in phosphorylase activities 
were detected, although definite hyperglycaemia occurred in each animal. 


G-6-Pase activity after epinephrine administration 
Because an increase in G-6-Pase activity would offer an attractive explanation of 


epinephrine hyperglycaemia, experiments were done in which rats were given varying 


hyperglycaemic doses of epinephrine, and hepatic G-6-Pase activities were determined 


at different intervals (3-30 min) after drug administration. In agreement with the 
results shown in Table 3 and with those of other workers,'*-*°-*? the G-6-Pase activities 


did not differ significantly from those of control animals examined concurrently. 


DISCUSSION 

[he above data raise several questions regarding the function of hepatic phos- 
phorylase activation in epinephrine hyperglycaemia. Firstly, hepatic phosphorylase 
is a readily reversible enzyme, its maximal activity in the direction of glycogen being 
3 times greater than that in the direction of G-1-P (Table 2). An increase per se in the 
activity of such a reversible enzyme should only speed the attainment of an equilibrium 
determined by the concentration of the reactants and should have no influence on the 
direction of the equilibrium.* Thus, under equilibrium conditions which favour 


* We, as well as other workers, have directed attention to this difficulty earlier.'*-*" Recently, 
Theorell and Bonnichsen demonstrated apparent changes in equilibrium constants due to large 
increases in enzyme concentrations ;*' however, we have not observed this phenomenon with the 
varying concentrations of phosphorylase used in this study. 
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glycogen deposition (as in the post-prandial state), one would expect to observe more 
rapid glycogen formation after epinephrine administration. However, this does not 
occur, as shown by Teng ef a/.,** who observed that liver slices under strongly 
glycogenic conditions actually produced less glycogen when epinephrine was added 
to the incubation medium. Secondly, in normal rats maximal hepatic phosphorylase 
activity in the direction of G-1-P closely approximates that of G-6-Pase which renders 
questionable the concept®:* that phosphorylase, on the basis of its activity alone, is the 
rate-limiting step in the glycogen to glucose pathway. Furthermore, we are unable to 
demonstrate any changes in phosphorylase activity either when hyperglycaemia was 
induced by epinephrine or prevented by DHE administration. 

Under our assay conditions the enzymes (Tables |, 2) involved in glucose biosyn- 
thesis in the rat have activities of approximately 5 ~moles/min per g wet-weight of 
liver. If one considers a normal rat weighing 200 g with a 6 g liver and an extracellular 
fluid space of 35 ml,* the liver of this animal, if functioning at the above activity, 
could add to the bloodstream 30 «moles or 5-4 mg of glucose per min. Furthermore, if 
one assumes instantaneous equilibration throughout the extracellular fluid space and 
relatively slow distribution to the intracellular fluid space, glucose released into the 
bloodstream at this rate would cause an increase in the blood sugar concentration of 
about 15 mg per cent per min. It must be recalled that our assays are performed at 
30°, whereas the temperature of the rat is closer to 40°. The enzymatic rates at this 
higher temperature would be approximately doubled; theoretically this could raise the 
blood sugar concentration 30 mg per cent per min. In the hyperglycaemia produced 
by epinephrine or glucagon, rates of increase of blood sugar concentration are 
approximately 2-5 mg per cent per min (Table 5).** Thus, if phosphorylase activity 
were to decrease by 50 per cent, as in the liver slice experiments of Sutherland er al.,' 
there would still be more enzymatic activity available than is actually employed in 
epinephrine hyperglycaemia. 

An explanation is required for the discrepancy between the above findings and the 
early studies of Sutherland er a/.*-* with regard to the rate-limiting role of phos- 
phorylase in the glycogen to glucose pathway. The above phosphorylase measure- 
ments were performed with homogenates or cell fractions prepared in the presence of 
fluoride and represent maximal enzymatic activities present at a given time, whereas 
Sutherland’s studies employed rabbit liver slices to which such substrates as G-1-P 
and G-6-P were added. Since it is generally agreed that hexose phosphates penetrate 
intact cells little if at all, such experiments alone may not provide the basis for firm 
conclusions. Also, the studies employing rabbit liver slices were performed prior to 
the discovery of the inactivating enzyme and such precautions as fluoride addition 
were not taken to prevent phosphorylase inactivation during the course of the experi- 
ments. In view of later studies with liver slices,* in which phosphorylase activity was 
observed to fall markedly during incubation, it seems certain that significant in- 
activation must also have occurred during those experiments in which the apparent 
rate-limiting function of phosphorylase was observed.?:* 

The possibility exists that, as a result of the methods of preparing the tissues for 
assay, the phosphorylase activities reported in this paper are significantly higher than 
those in the cell. Homogenization in the presence of fluoride might cause a build-up of 
active phosphorylase by inhibiting the inactivating enzyme while not affecting the 
reactivating system. Although it is difficult to rule out this possibility conclusively, 
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several considerations made it seem unlikely. The phosphorylase activity of liver slices 
lost by incubation at 37° was restored by administration of either epinephrine or 
glucagon but not by homogenization in the presence of fluoride.** It has been shown® 
that exposure of liver slices either to low temperatures or to DNP. 10-4 M. prevents 
the reactivation of phosphorylase by epinephrine. All operations described above, 
between removal of the liver from the body and the assay procedure, were carried out 
at ice-bath temperatures. Furthermore, in two animals treated with DHE the hepatic 
phosphorylase activities (towards glycogen) were determined. and the homogenization 
of the livers was carried out in a medium containing both fluoride (0-01 M) and 
DNP (10°* M). The activities, 10-2 and 9-9 umoles/min per g wet-weight of liver, 
respectively, were within the normal range recorded above (Table 2). 

It seems apparent that other, as yet obscure, events must occur upon epinephrine 
administration which change the equilibrium conditions to those strongly favouring 
glucose formation or which activate a second alternative pathway for glycogenolysis. 
Evidence is already at hand which suggests several possibilities. For example, Leloir 
and Cardini*® have recently discovered a new hepatic mechanism for glycogen 
synthesis; in this reaction uridine diphosphate glucose rather than G-1-P serves as a 
substrate. Also, alterations in the concentrations of Na* and K* can exert marked 
effects on glycogen storage and breakdown.*” Particularly suggestive in this regard is 
the rapid liberation of K* from the liver after epinephrine administration.** Changes 
in the availability of orthophosphate may profoundly influence the direction of the 
phosphorylase equilibrium. Addition of Ba** to reaction mixtures promotes glycogen 
synthesis,*”** probably by removing orthophosphate as an insoluble barium salt, thus 
shifting the equilibrium towards glycogen. Also, the size and physical state of the 
glycogen molecule can markedly influence phosphorylase activity.*° Since metabolic 
changes such as these may be localized to a particular area of the complex architecture 


of the cell, they might be difficult to detect by gross chemical determinations. 


Although the above factors place in question the physiological role of phosphorylase 


activation, it Is difficult to conceive of Nature evolving and retaining so elaborate a 
mechanism for the control of an enzyme without good reason. However, further 


investigation will be necessary in order to explain fully this important phenomenon 
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ived 18 July 1958) 
Abstract Species and strain differences in response to hexobarbitone and presumably 
ne and other drugs can be expressed largely in terms of the 
ig-transtorming enzymes in microsomes. However, variation in the 


y of the central nervous system may also be a factor. The sex difference 


xonse to hexobarbitene and presumably to other drugs is also a reflection 
of the enzyme system in liver microsomes Sex hormones have a role in 
nce in drug metabolis The guinea pig and mouse show no sex 
difference e1 ibolism of hexobarbitone. Implications of these findings to drug 


action ar o the development of new drugs are discussed 


ly 18 well known that various animal species react differently to the same drug. This 
variability lrug response makes it difficult to extrapolate results of animal experi- 
ments to man. In addition, it creates a serious obstacle to the contruction of new 
therapeutic agents, since a drug may be active in one or more animal species yet be 
relatively ineffective clinically. The converse is also possible—a drug inactive in animals 
may be effective in man, though this possibility is largely a hypothetical one since 
compounds which are not active in animals are rarely selected for clinical trial. 

Some species differences in drug action are qualitative in nature; for example, 
morphine depresses man, dogs and rats, but stimulates cats, horses and goats. However, 
most species differences are in duration of drug action, due to variations in rate of 
drug inactivation§ or in sensitivity of the “receptor site”’. 

In addition to species variability, there are sex differences in drug response. Holck 
et al* reported that female rats anesthetized with certain oxy-barbiturates sleep 
considerably longer than males, but other species of animals do not show this sex 


difference. A number of other studies describe sex differences; for example, female 


The American Society for Pharmacology and Experimental Therapeutics, Atlantic City 1954 


In partial f ent of the requirements for the degree of Doctor of Philosophy, Department of 
Pharmacology e George Washington University, Washington, D.C 


; Present address: Laboratory of Clinical Science, National Institute of Mental Health, Bethesda 
Marvland 


$ It is knowr it other drugs are oxidized at variable rates by liver microsomes of various animal 
species: deamir nm and demethylation of sympathomimetic drugs:*' dealkylation of aromatic 
ethers™ and de yiauion of narcotic analgesics. In addition, the enzymes that reduce chloram- 
phenical™ and prontosil®, which are also present in microsomes, have a wide spectrum of activity in 
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rats show a greater response to red squill®, strychnine‘, nicotine®, picrotoxin® and 
sulfanilamide.*® 

The present study was undertaken to determine whether variability in drug meta- 
bolism is an important factor in species, strain and sex differences in the duration of 
action of hexobarbitone. The data show that differences in the response to hexo- 
barbitone are largely a function of the rates of metabolism in vivo and that these rates 
are inversely related to the activity of the hexobarbitone metabolizing enzyme. 
Variations in rate of metabolism are also described for amidopyrine, antipyrine and 
aniline. 


MATERIALS AND METHODS 

Animals used in these studies were rats (Sprague-Dawley and several other inbred 
strains), guinea pigs (Hybrid), mice (N.1.H., general purpose), rabbits (New Zealand 
White), and mongrel dogs. Only mature. female animals were used in the studies of 
species differences. Drugs were administered intravenously to dogs and intraperitone- 
ally to other species, in the following doses: hexobarbitone sodium, 50 mg/kg to dogs 
and 100 mg/kg to other species; antipyrine, 75 mg/kg to dogs and 50 mg/kg to other 
species; aniline (free base) 50 mg/kg to all species. 

Determination of biologic half-life of Drugs. After waiting One or more hours for 
approximate diffusion equilibrium between plasma and tissues to be established, 


blood samples (oxalated) were drawn at various time intervals. The plasma level of 


each drug declined linearly when plotted against time on semi-log paper. Since 
negligible amounts of the drugs were excreted in urine. the rates of decline reflected 
the rates of bio-transformation. The time required for the plasma levels of the drug 
to decline by one-half was estimated graphically and expressed as the biologic half-life. 
Since it was not practical to draw successive blood samples from mice, the biologic 
half-life of drugs in these animals was calculated from the amount of drug that 
disappeared from the whole body in 30 or 60 minutes. The mice were stunned and then 
homogenized in a Waring blender with 100 ml of water. The mixture was filtered 
through gauze and the filtrate analyzed for the various drugs. 

Duration of action of hexobarbitone. The duration of action or “sleeping time” of 
hexobarbitone in rodents was defined as the time between injection and restoration of 
the righting reflex; in the dog as the time until the animal was able to stand unassisted. 

Preparation of tissue samples for enzyme studies. All Steps in the preparation of 
tissue samples were carried out at 0° to 3° C. Animals were stunned or anesthetized, 
exsanguinated, and the livers immediately removed and homogenized in two volumes 
of 0:2 M phosphate buffer, pH 7-4, with a Potter-I Ilvehjem type of glass homogenizer. 
A liver supernatant fraction, free of unbroken cells, nuclei and mitochondria was 
prepared by centrifugation of the homogenate at 9,000 g for 30 minutes in a 
Servall centrifuge; this supernatant fraction containing the microsomes was used for 
the enzyme studies. 

Measurement of enzyme activity. Two ml. of the supernatant fraction were incu- 
bated with 50 «moles nicotinamide, 75 umoles MegCl,, 0-1 umole of TPN, substrate 
(1 to 3 «moles hexobarbitone or 4 «moles amidopyrine) and 0-2 M phosphate buffer, 
pH 7-4, to make a final volume of 5-0 ml. The reaction mixture was incubated for one 
hour in a Dubnoff metabolic shaking incubator in an atmosphere of air. 

The activity of the hexobarbitone oxidizing enzyme was assayed by measuring 
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disappearance of substrate while the activity of the enzyme that demethylated amido- 
pyrine was assayed by measuring the resulting product, 4-aminoantipyrine. 


Hormone treatment. Female rats were injected subcutaneously with 3-8 mg of 


testosterone propionate in 0-15 ml sesame oil every other day for seven weeks; male 


rats were injected intramuscularly with 17 ug of oestradiol benzoate in 0-05 ml 


sesame oil every other day for the same period. Control rats were given sesame oil. 


Chemical methods. Hexobarbitone,’ 4-aminoantipyrine,* antipyrine® and aniline’? 


were estimated by methods described previously. 
signifies the standard deviation of the mean 


The designation 


RESULTS 


Species differences in rates of metabolism 


A number of mammalian species varied greatly in their ability to metabolize 


hexobarbitone, antipyrine and aniline (Table 1). Although mice metabolized these 


drugs much more rapidly than did the other animals, there was no clear-cut relation- 


ship between species size and the rate of bio-transformation. 


TABLE |. SPECIES DIFFERENCE IN METABOLISM OF HEXOBARBITONE, ANTIPYRINE AND 
ANILINE 


Biologic Half-life in Minutes 


Species 


Hexobarbitone Antipyrine Aniline 


Mouse 19 7 (12) 11 0-25 (6) 34 4 (6) 
Rat 140 54 (10) 14] 44 (6) 71 1 (3) 
27 5 8 (7) 


Guinea Pig 110 Z (5) 4§ 
Rabbit 3 


Biologic half-life of antipyrine calculated from published data;** of 


hexobarbitone from unpublished data (J. J. Burns and E. M. Papper) 


gures in brackets refer to number of animals 


The question of the relationship between the duration of pharmacologic action of a 


drug and its rate of disappearance was investigated using hexobarbitone because its 


period of action is easily determined. There was a striking relationship between 


“sleeping time” and the biologic half-life (Table 2). For instance, hexobarbitone 


i disappeared so rapidly in mice that the effect of a large dose lasted only a few minutes, 
’ while in dogs the drug had a much longer half-life and an action that persisted for 


hours 


Further studies were made to relate species differences in pharmacologic response to 


the activity of the hexobarbitone metabolizing enzyme in microsomes. 


There was an inverse relationship between the activity of the enzyme system and the 


duration of drug action; the greater the enzyme activity the shorter was the duration 


of response (Table 2). 


It is particularly noteworthy, however, that while the mice, rats and rabbits recovered 


the righting reflex at plasma levels of about 60 »g of drug per ml, the effects in dogs and 
man persisted until the levels had declined to about 20 «g per ml (Table 2). These 
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TABLE 2. SPECIES DIFFERENCE IN DURATION OF ACTION AND IN METABOLISM OF 


HEXOBARBITONE. DOSE OF BARBITURATE: 100 MG KG FOR MOUSE, RABBIT AND RAT, AND 
50 MG KG FOR DOG 


Duration Plasma Level of Relative Enzyme 
Species of Biologic Hexobarbitone Activity 
Action Half-life on Awakening 


minutes minutes pg ml ug, gm hr. 


Mouse (12)* 12 19-7 8 31° 598 184 
Rabbit (9) 49 60-11 196 —28 

Rat (10) l 140-5 134-5] 

Dog (8) 260 20 19 36 30 

Man? 360 20 


Micrograms per gram of tissue. Tissue levels are about 50 per cent higher than plasma levels. 
Figures in brackets refer to number of animals 
* Unpublished data (J. J. Burns and E. M. Papper). 


results suggest that the longer duration of hexobarbitone action in dog and man is 


due not only to the slower rate of bio-transformation, but also to a greater sensitivity 
of the central nervous system to the action of the drug. 

Species differences were also observed in the demethylation of amidopyrine. 
Table 3 illustrates the variable capacity of enzymes in liver microsomes to oxidatively 
demethylate amidopyrine (4-dimethylaminoantipyrine) to 4-amino-antipyrine.*® 


TABLE 3. SPECIES DIFFERENCE IN DEMETHYLATION OF AMIDOPYRINE BY LIVER 
MICROSOMES 


Relative 
Species Enzyme Activity 


eg gm/hr. 


Mouse 

Rat 
Guinea Pig 
Rabbit 
Dog 


* Figures in brackets refer to number of experiments 


Strain difference 

Pronounced variation in the biologic half-life of antipyrine was demonstrated in 
eight inbred strains of rats. For example, the half-life was 114 + 28 min in five 
female rats of the M 520 strain compared to 282 + 20 min in six female rats of the 
Buffalo strain. 
Sex difference 

When male and female rats were given 100 mg of hexobarbitone per kg, the females 
slept about four times as long as the males. A comparison of the plasma levels showed 
that the drug was metabolized much more rapidly in males than in females. In accord 
with this finding, the liver enzyme system of males showed considerably higher 
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activity than that of females in oxidizing hexobarbitone (Table 4a). Both sexes 
recovered from the barbiturate at about the same plasma level (about 60 «g/ml), 
a finding which indicates that variability in the central nervous system sensitivity was 


not a factor in the sex difference. 


TABLE 4a. SEX DIFFERENCE IN DURATION OF ACTION AND IN METABOLISM OF 
HEXOBARBITONE IN RATS 


Plasma level Relative 


Sleeping at Enzyme 
Time 60 minutes Activity 


minutes pe ml ug gm hr 
Female 90 15 (10)" 
Male 22 (ll) 


Figures in brackets refer to number of animals in each series 


The observed sex variation prompted an investigation of the influence of the sex 
hormones. Male rats were given oestradiol and female rats testosterone for a period of 
seven weeks before administration of a single dose of hexobarbitone. Oestradiol 
treatment markedly increased the “sleeping time” in males. Correspondingly, it 
decreased the rate of metabolism of the drug in vivo and lowered the capacity of 


the liver microsomal system to metabolize hexobarbitone (Table 4b). In contrast, 


TABLE 4b, INFLUENCE OF OBSTRADIOL IN MALE RATS 


Plasma level Relative 


Sleeping at Enzyme 
Time 60 minutes Activity 


minutes pe ml ug gm hr 


Control 22+5 3.9 682 102 
22 (9) 2 +43 177 33 


Oecestradiol 6 


TABLE 4c. INFLUENCE OF TESTOSTERONE IN FEMALE RATS 


Plasma level Relative 

Sleeping at Enzyme 
Time 60 minutes Activity 

minutes pg ml pe gm hr 
Control 90 15 (10)* 65 

38 17 (14) 37.14 $43 +123 


Testosterone 


Figures in brackets refer to number of animals in each series 


testosterone treatment significantly shortened the duration of action in females, 
increased the rate of drug metabolism in vivo and enhanced the capacity of the liver 
microsomal system to metabolize hexobarbitone (Table 4c). 

A sex difference was also demonstrated in the metabolism of antipyrine and amido- 


pyrine in rats. The biologic half-life of antipyrine averaged 141 + 44 min in six 
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female rats compared to 70 + 24 min in eight male rats. Amidopyrine was 
demethylated by the liver microsomal system of females at the rate of 58 +. 17 ug 
gram of tissue per hr (average of 13 animals) compared to 137 50 wg for males 
(13 animals). 

There was no sex difference in the duration of action of hexobarbitone in guinea 
pigs and mice; furthermore, the hormones did not induce an appreciable change in 
the disappearance rate of the barbiturate in mice. 

Sex difference at various ages 

Up to the age of 4 weeks there was no sex difference in the duration of action 
of hexobarbitone in rats, but at five weeks there was an abrupt decrease in the recovery 
time of male animals. The maximal difference between the sexes appeared in seven 
weeks when 100 mg of hexobarbitone per kg elicited a response lasting 22 min in 
male rats and 66 min in females. 


DISCUSSION 

Studies presented in this paper give considerable insight into factors that determine 
species differences in drug action. The wide species variation in response to hexo- 
barbitone reflects in large part the variability in its rate of metabolism in vivo. As 
might be expected, the duration of action of the barbiturate bears an inverse relation- 
ship to the activity of the liver microsomal enzyme” that inactivate the drug. 
Accordingly, species differences in duration of hexobarbitone action can be expressed 
largely in terms of the activity of a microsomal enzyme system. Species differences also 
extend to the metabolism of other drugs. Thus, the diversity in activities of the 
enzyme systems in liver microsomes that demethylate amidopyrine and hydroxylate 
antipyrine account for the wide species variation in their metabolism. Presumably 
there is a wide species difference in the response to these compounds 

Mice in general metabolize drugs more rapidly than do other animals. This probably 
explains the relatively low toxicity of many drugs in this species. In man the converse 
is usually true, though there are a number of exceptions. 

The sensitivity of the responding tissue may also be a factor in species difference. 
Thus, the central nervous system of dog and man is more susceptible than that of 
rodents to the action of hexobarbitone. Mice recover their righting reflex when about 
85 mg of hexobarbitone per kg is still present in the body; whereas a dose of 85 mg/kg 
is highly toxic to dogs and man. 

Differences in the metabolism of antipyrine in several strains of rats Suggests that 
inheritance is an important factor in drug metabolism. Jay" reported a three-fold 
variability in the response to hexobarbitone among several inbred strains of mice, but 
a remarkably uniform response by individual mice of a given strain. In contrast, he 
noted that members of a non-inbred strain vary considerably in their response to the 
drug. Assuming that the differences are a function of drug metabolism it would again 
suggest the importance of inheritance in drug metabolism. It is not surprising that a 


heterogenous species like man has considerable biochemical variability. Two revealing 
examples of this are seen in the metabolism of dicumarol!? and of ethyl biscoumacetate 
(Tromexan),"* which show a ten-fold variation in rates of metabolism in different 


individuals. The diversity of therapeutic and toxic responses to these anticoagulants 
as well as to other drugs is probably largely due to individual differences in the 
activities of the metabolizing enzymes. 
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It is also apparent that the sex difference in rats in response to hexobarbitone, and 
presumably to antipyrine and amidopyrine, is due to differences in the activity of the 
metabolizing enzymes.* Females are not actually more sensitive than males to hexo- 
barbitone, but are merely unable to metabolize it as rapidly. The effect of oestradiol 
treatment in lowering the hexobarbitone metabolizing enzyme activity of males, and of 
testosterone in raising that of females, indicates that sex hormones may play an 
important role in modifying the activities of these enzymes. This is also suggested by 
the similarity in response of sexes to hexobarbitone until the animals reach the age of 
about five weeks, after which an abrupt sex difference occurs. Since the change occurs 
only in the male rats, it suggests that increased production of androgens is the dominant 
factor in determining the sex difference. Other workers have also reported that the 
“sleeping time” of immature rats is the same for both sexes after hexobarbitone 
administration. 

It is of considerable interest that mice and guinea pigs exhibit no sex difference in the 
rate of metabolism of hexobarbitone, and that the administration of sex hormones 
induces no appreciable change. This marked sex difference in the rats, but not in mice 
and guinea pigs poses an interesting problem in endocrinology. 

lhe fate of a drug in different species may become rather complicated if metabolism 
proceeds along two or more pathways, since the relative importance of a particular 
pathway may vary from one species to another. For example, amphetamine can 
undergo N-demethylation, hydroxylation or deamination in vivo.'*."* Deamination is a 
major route of metabolism of this drug in rabbits, but this reaction is virtually absent 
from rats and dogs. In the dog, demethylation is the major pathway and hydroxylation 
is negligible, while in rats, hydroxylation is an important pathway. Another example of 
competing reactions is described by Parke and Williams,'? who suggest that ortho- 
and para-hydroxylation of aniline may involve different enzymes. These investigators 
have shown that rabbits form large amounts of the para-, but little of the ortho- 
derivative. In contrast, cats form large amounts of ortho- and little of the para- 
derivative. Of particular interest, are pathways which are present in most species, but 
completely missing in others; for example, dogs cannot acetylate primary amines'* 
and cats cannot convert phenols to glucuronides.'® 

The aforementioned considerations show how species variation in drug metabolism 
complicates the designing of new drugs, since the rate or pathway of metabolism of 
compounds in man is difficult to predict from animal data. As yet, it is not possible 
to relate rates and pathways of drug metabolism to chemical structure even in a single 
animal species. But recent studies indicate that the number of enzyme systems respons- 
ible for drug metabolism are probably relatively few in number ;?° and it may become 
possible to predict the fate of a drug from structural and physical properties. But 
these predictions would be valid only for an inbred strain and would not apply to the 
species in general. Far more difficult will be the application of information obtained in 
animals to problems in human therapy. It will be difficult to correlate the rate of drug 
metabolism with chemical structure in man until more is known concerning the nature 
of the various drug enzymes and the extent of individual variability in their activities. 

* Other workers have shown a sex difference in the metabolism of drugs by rat liver microsomes. 
The microsomes of male rates are more active than those of females in demethylating various narcotic 
analgesics ;** in contrast, microsomes of female rats are more active in converting the insecticide 


parathion to the toxic metabolite paraoxon.”* In addition, Robillard et a/.2? have noted that liver 
slices of male rats metabolize pentobarbital more rapidly than do liver slices of females. 
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TABLE 5, SEX DIFFERENCE IN THE DURATION OF HEXOBARBITONE ACTION IN 
RATS AT VARIOUS AGES 


Duration of Action in Minutes 


Females Males 


3 13 (5)* (4)* 
4 (4) 62 20 (4) 
5 66—7 (5) 3143 (5) 
7 74 +15 (4) 244-3 (4) 
67 +15 (5) 22+4 (6) 
14 66-18 (8) 19+6 (8) 


* Figures in brackets refer to number of animals. 
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Abstract-—Harmaline and related compounds have been shown to be potent inhibitors 
ne oxidase effecting SO per cent inhibition of serotonin metabolism at 


on is reversible both in vitro and in vivo. Procedures have been presented 


the effectiveness of monoamine oxidase inhibitors both in vitro and 


INHIBITORS of the enzyme monoamine oxidase (MAQ) are no longer mere research 
tools but are finding application in therapeutics, particularly in the psychological and 
cardiovascular disorders. The compound which has been most widely used in this 
respect is isopropyl-isonicotinyl hydrazine (iproniazid).' As a result of the clinical 
findings with this compound there has developed a great interest in MAO inhibitors, 
and many new compounds of this type are being introduced 

The majority of these new MAO inhibitors are hydrazine derivatives, in analogy to 
iproniazid. There is no doubt that many more potent agents will be found with the 
hydrazine element acting as the “prosthetic group”. In fact, one such compound, 
8-phenylisopropylhydrazine (PIH), has many times the activity of iproniazid.* 
However, the inhibition produced by the hydrazines is not a competitive and reversible 
one, and it has been shown that the effects of iproniazid last for many days following 
the disappearance of the drug from the body.* No doubt such long lasting, irreversible 
effects are in many cases desirable. However, from the experimental as well as the 
therapeutic standpoint it would be equally desirable to obtain reversible MAO 
inhibitors with short action in vivo. Potent reversible inhibitors have been described ;* 
of these, the harmala alkaloids are the most active. This paper describes the actions of 
one of the harmala alkaloids, harmaline, both in vitro and in vivo, and presents the 
procedures which may prove generally useful for the laboratory evaluation of MAO 


inhibitors 


METHODS 


Vonoamine oxidase assays. These were carried out by measuring the disappearance 


of serotonin, as previously reported.® Serotonin was assayed spectrophotofluoro- 


metrically by the procedure of Bogdanski er a/.* Harmaline is also a fluorescent base 


160 


uly 
“4 
a 
fs 
2 
Lab 
; 
| 
= 
< 
| 
i 
195 
= 
A 
cy 


Studies with reversible inhibitors of monoamine oxidase 161 


and is extracted together with serotonin. Fortunately, its fluorescent characteristics 
in3 NHC1 are quite different from those of serotonin (activation maximum: serotonin 
295 mp, harmaline 380 my; fluorescence maximum: serotonin 550 my, harmaline 
480 my). When 5-10 mg of harmaline were injected into rats the amounts of harmaline 
in the tissues were not sufficient to interfere with the serotonin assay. When larger 
amounts of harmaline were used, it was necessary to extract the alkalinized tissues with 
15 ml of CHC1, before carrying out the usual n-butanol extraction for serotonin 

Harmaline assay. One ml of tissue homogenate in a glass-stoppered centrifuge tube 
was made alkaline by addition of 0-1 ml of 20 per cent Na,CO, and 2 ml of 0-5 M 
borate buffer, pH 10. Fifteen ml of CHC1, were added and the tube was shaken and 
then centrifuged. Ten ml of the CHC1, fraction were transferred to another tube 


containing 2 ml of 0-1 N HCI. After agitation and centrifugation the aqueous layer 


was transferred to a cuvette and its fluorescence measured in the spectrophoto- 
fluorometer (activation 380 my, fluorescence 480 maz) and compared to standards 
carried through the entire extraction procedure. Recoveries of harmaline added to 
tissues were quantitative. Further details of procedures for assay of harmala alkaloids 
will be published elsewhere.’ 


RESULTS 
Inhibition of MAO in tissue homogenates 


lhe effects of harmaline and related harmala alkaloids (Fig. 1) on MAO of rat liver 


are shown in Table 1. A comparison is made with iproniazid and PIH. It is apparent 


Fic. 1. Harmaline and related compounds 


that the harmala compounds are much more potent than either of the hydrazine 
compounds. However, direct comparison is rendered difficult in view of the different 
nature of the inhibitions. Iproniazid must be preincubated with enzyme under oxygen 
in order to be effective,* whereas harmaline, being a competitive inhibitor, needs no 
such preincubation. Following 20 minutes of preincubation with mitochondria the 
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TasLe |. INHIBITION OF MAO IN HOMOGENATES OF RAT LIVER 


Inhibition 
Compound atl0-*M_ Conc. producing 40-60 
per cent per cent inhibition 


Harmaline 100 10 
10 


Harmine 
1, 2, 3, 4-Tetrahydroharmine 10 
5. 10 


Harmar 


p, L-Tetrahydroharman-3-carboxylic acid 
1-3, 4-Dihydroharman-3-carboxylic acid 
arboline 

Phenylisopropylhydrazine 
Iproni 


The incubation mixture contained 1-5 ml. of rat liver homogenate (equiva- 
0-5 mi. of 0-05 M phosphate buffer (pH 7-4), 1 mg. of 
bitor and water to yield a total volume of 3-5 ml. Incubation was 


37 C. for 40 minutes 


inhibition produced by iproniazid could not be reversed by washing the particles with 


saline. However, the inhibition produced by harmaline was readily reversed by this 


procedure (Table 2) 


TABLE 2. REVERSIBILITY OF HARMALINE INHIBITION 


Per cent inhibition 


Compound 
Before washing After washing 


Harmaline 10°° M 38 
Iproniazid 10°* M 79 


Rat liver mitochondria (equivalent to 10 gm of 
ver) were incubated with the inhibitor at 37° C for 30 
n at pH 7-4. The mitochondria were then washed four 
times with 5 ml of tsotonic KCI. Control omitting inhibitor 
were incubated and washed in the same manner. Following 
this the washed mitochondria were made up to the original 
volume. Mitochondria equivalent to 1:5 @m of liver were 
then incubated with serotonin as described in Table | 


Effects of harmaline in vivo 
rhe following experiment was designed to investigate the ability of harmaline to 
MAO in vivo and to determine the duration of its effects. Harmaline was 


inhibit 
At stated intervals several animals were killed 


administered to rats intraperitoneally 
lhe livers and brains were homogenized and assayed for both MAO activity and 


harmaline content. 
As shown in Fig. 2, MAO inhibition was strong for 2-3 hr and fell to negligible 


levels within 6 hr. As would be expected for a reversible inhibitor the harmaline 


levels in the tissues parallelled the degree of inhibition. This is quite different from the 
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Fic, 2. Relationship between tissue levels of Harmaline and MAO inhibition. Harmaline was 


administered intraperitoneally (5 mg kg) into rats and the animals were killed at stated intervals 


The livers were removed and homogenized in water (3° C): | g of liver plus 2 ml of water 


Aliquots were taken for assay of MAO activity as described in Table | and for harmaline assay 


Harmaline: @ -@ MAO Inhibition 


effects observed with iproniazid where the inhibition persists for many days following 


the disappearance of the compound from the body.* 


Effect of harmaline on conversion of serotonin to 5-hydroxyindoleacetic acid (SHIAA) 


in vivo 
One mg of serotonin was injected intraperitoneally into mice (18—20 g); these included 


controls and animals which had been given harmaline (10 mg/kg) intravenously 


10 minutes before the experiment. At the end of one hour the mice were homo- 
genized* and assayed for both serotonin and SHIAA. It is apparent (Table 3) that 


TABLE 3, EFFECT OF HARMALINE ON CONVERSION OF SEROTONIN TO SHIAA 
IN THE INTACT MOUSE 


Interval following Serotonin SHIAA 
Exp serotonin injection metabolized formed 


hr mg animal mg 


Control animals | 1°68 0°23 
2 1°76 0°23 
Harmaline animals l 1°20 0°02 
2 1°60 0-03 


Mice were given 15 mg of harmaline per kg intraperitoneally. After one hour 
these animals and untreated controls were given 2 mg of serotonin intraper itoneally. 


The animals were killed at stated intervals following the serotonin injection and 
homogenized in 100 ml of 0-1 N HCI and assayed for serotonin and SHIAA. 


* Urine and faeces produced during the experimental period were included in the homogenization 
procedure. 
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although equivalent amounts of serotonin disappeared in both cases the conversion 
to SHIAA was markedly inhibited in those animals pretreated with harmaline. 


Effect of harmaline on endogenous levels of amines 
Ifa MAO inhibitor is effective it can increase levels of endogenous amines in tissues. 
lhe level of brain serotonin is particularly sensitive to the effects of MAO inhibitors. as 


was previously shown with iproniazid.*” When harmaline was administered to rats in 


doses of 5-15 mg/kg the brain serotonin level was found to increase (Fig. 3). The 


1.0 


0.75 
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Fic. 3. Effect of H aline on Brain Serotonin Levels. Harmaline was administered in doses ranging 
from 5-15 mg ke. A als were killed at stated intervals and the brains were assaved for serotonin 
The 0-time onu i¢ represents the average obtained on 27 anim: From 10-60 min the 
values repres I erages obtained with 9 animals Subsequent figures represent the averages 


obtained on 6 animals 


magnitude of the increase indicates that harmaline can effectively inhibit the 
metabolism of serotonin. The rapidity of the increase may be taken as an index of the 


rapid turnover of serotonin in the brain.'® 


DISCUSSION 

If one compares the inhibitors of MAO with those of cholinesterase then harmaline 
can be compared in its reversible mode of action to physostigmine, and iproniazid 
to the irreversible inhibitor, di-isopropyl fluorophosphate (DFP). In the laboratory 
both types of MAO inhibitors will prove useful. However. it should be kept in mind 
that comparisons of reversible and irreversible agents in vivo are not a simple matter. 
Each agent has its advantages and disadvantages. From a clinical standpoint, long- 
lasting effects may be desirable. However, we know little about the function of MAO 
and of the possible clinical consequences of its inactivation for long periods of time. 
Furthermore, hydrazines will most likely react irrey ersibly with other biological sites 
Experience with cholinesterase inhibitors has shown that the reversible agents such as 
prostigmine are clinically far safer to use and easier to control. 

It is of interest that harmaline, harmine and other harmala alkaloids were used 
therapeutically as early as 1920, for various disorders for which iproniazid is now 
suggested."' This was before MAO was even known. That harmaline does effectively 
inhibit MAO in man, in doses which have been used therapeutically, has been shown 
by Sjoerdsma, Gillespie and Udenfriend."2 Many of the effects reported here for 
harmaline have already been observed with harmine, harman and tetrahydronor- 
harman. These and other analogues may prove to be as interesting as harmaline. 
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The limited number of representatives of carboline compounds, tested hitherto for 
MAO inhibition, does not offer a simple rationale for the construction of active 
inhibitors. However, a few guiding principles become discernible at this time: (i) fully 
aromatic §-carbolines are very active, while x-carboline is relatively inactive; (ii) di- 
and tetrahydro-f-carbolines are active (the fact that they contain the elements of a 
tryptamine substituted in the z-indole position and at the nitrogen in the side chain 
may contribute to their activity as competitive inhibitors); (iii) substitution in the 
benzene ring or at C(2) in the pyridine ring does not significantly alter the degree of 
inhibition; and (iv) the z-amino acid “precursors” of tetrahydroharman and of 
harmaline are inactive. 

In these circumstances the re-investigation of the therapeutic possibilities of this 
class of compounds, utilizing dosages which effectively inhibit MAO, is acquiring new 
interest. Whether or not the harmala alkaloids turn out to be clinically useful these 
studies indicate that it is possible to obtain potent reversible MAO inhibitors which 


function as such in vivo both in experimental animals and in man. 


The methods used to detect and quantitate the effectiveness of MAO inhibitors 
presented here are quite simple. They should facilitate the search for new and more 
active MAO inhibitors. When used in conjunction with the newly devised serotonin 
metabolism test,’® inhibitors may be found which will also be therapeutically useful. 
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REFERENCES 
Symposium on Iproniazid, J. Clin. Exptl. Psychopathol. Supplement, 19, (1958). 
A. Horita, Fed. Proc. 17, 379 (1958). 
S. Hess, H. Weisspacn, B. G. and S. Upenrrienp, J. Pharmacol. 
In Press. 
K. FreTer, H. Weissspacn, B. G. ReprieLp, S. UDENFRIEND and B. WITKop, 
J. Amer. Chem. Soc. 80, 983 (1958). 
A. SJOERDSMA, T. E. SmituH, T. D. STEVENSON and S. UDENFRIEND, Proc. Soc. 
Exp. Biol., N. Y. 89, 36 (1955). 
D. F. BoGDANsKI, A. PLETSCHER, B. B. BRopigE and S. UDENFRIEND, J. Pharmacol. 
117, 82 (1956). 
S. Hess, ef a/., to be published. 
A. N. Davison, Biochem. J. 67, 316 (1957). 
S. UDENFRIEND, H. WeissBAcu and D. F. BoGpANsk1, J. Pharmacol. 120, 255 (1957). 
S. UDENFRIEND and H. Weisssacn, Proc. Soc. Exp. Biol., N. Y. 97, 748 (1958). 
. J. A. GUNN, Arch. Int. Pharmacodyn. 50, 379 (1935). 
. A. Syoerpsma, L. A. GiLcespre and S. UDENFRIEND, Lancet. 2, 159 (1958). 


: 
f ~ 
| 
P 
SA 
6 
9 
10 
12 


BOOK REVIEWS 


5-Hydroxytryptamine. Proceedings of a symposium held in London on April | and 2, 1956 at the 
Wellcome Foundation. (April 1957). Edited by G. P. Lewss Pergamon Press, London, 1958, 252 
pp., 60s 


A nice edition of a nice symposium. G. P. Lewis should be congratulated. 5-Hydroxytryptamine 
(or HT as it is generally abbreviated) is a substance **A la mode’ Physiologists, zoologists, pharma- 
cologists, biochemists, neurologists and even psychiatrists are interested in HT. Its occurrence in 
nature—1is all the Vertebrates, at least one Tunicate, various Molluscs. Anthropods and even plants 
(nettle)—is very curious. Its concentration in venoms (scorpion, wasp, toads, octopus) and sting fluids 
(nettle) in certain centres of the central nervous system of Vertebrates; its presence inside certain 
cells like mast cells or nerve cells where other amines like noradrenaline. histamine, octopomanine 
are also concentrated; its liberation by certain histamine liberators and more specifically by a Rau- 
wolfia alcaloid, reserpine, which has a tranquillizing action in man and animals; its antagonists which 
have such pec ir actions on behaviour: all these facts have attracted the attention of many good 
research men and women some of whom have already successfully spent much time in the study of 
amines of biological significance 

Three sections are clearly and logically defined: Part 1, Occurrence and metabolism, Part I, 
Peripherial actions; Part Il, Central actions 

Generally spe the various papers are short, well illustrated. up to the point and followed by 


useful discussior though the study of HT has proceeded during the last ten years with astonishing 


speed, one has the feeling that some important facts about this substance are still to be discovered 
Miss Vogt is right when she says that the question of the phy siological role of HT in mental processes 
iS extremely conf 

This book w clip many people to penetrate more deeply in the difficulties of the problems opened 
by HT and to solve them, as usual, one after the other until the story becomes logical and consistent 


Z. M. Bac 0 


The Strategy of Che motherapy’ Edited by S. T. Cowan and E. Rowart. Eighth Symposium of the 


Society for General Microbiology. University Press Cambridge, 1958. 360 pp., 35s 


THis book, published promptly for the Society's symposium organized by FE. } Gale, is a collection of 


papers bearing 


resh ways of attacking the microorganisms without damaging the host’’.Certain 
of the contribut Ss, as those on fungal diseases, protozoal infections and amoebiasis. are reviews of 
recent advances their subjects. Others deal more specifically with strategy in attack on a parasite 
R. Knox write ractively and thoughtfully on principles in clinical and ep demiological fields, and 
B. W. Lacey discusses synergy in chemotherapy in the light of *‘a strategic framework for combined 
therapy 

Other contributors have appraised the scope for strategy in the production rather than in the appli- 
cation of synthetic drugs. Here *“chemotherapy” has been interpreted in its original and wider sense, 
so that in spite « ¢ organization of the symposium by the Society for General Microbiology. the 
discussion ranges beyond the treatment of parasitic organisms and cancer, to antidotes to metal 
intoxication, radiation injury, a plant poison and mental disease. Ehrlich. it will be recalled, used 
the term chemotherapeutic in 1898 in describing the synthetic construction of new therapeutic agents 
such as local anaesthetics and antipyretics Probably the best insight into actual production of drugs 
in the present symposium is H. B. Woodruff and L. E. McDaniel’s account of the production of 
antibiotics. Several other papers contain relatively little about strategy and are best enjoyed as ac- 
counts of their authors’ current work and interests 

\ group of papers (J. T. Park, B. A. Newton and P. Mitchell) attractively describes current in- 


vestigations of surface phenomena at the cell-wall or in surface-active drugs. A central feature of cell 


metabolism is outlined by H. A. Krebs in discussing inhibition of energy-supplying reactions. Very 


Satisfying as an account of experiment and hypothesis in a problem fundamental to chemotherapy is 
that of E. F. Gale on specific inhibitors of protein synthesis; a subject also included in 1. Tamm’s 
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account of selective inhibition of virus multiplication and in that of D. D. Woods and R. G. Tucker 
introducing the symposium. 

Relationships between chemical structure and biological action are an important part of several 
papers: of that of E. F. Gale, as well as those of R. Markham on lethal symthesis, A. Albert on 
metal-bindings agents, and D. W. Woolley on antimetabolites. Several authors show a notably 
ambivalent attitude to the studies which yield such knowledge: it would indeed be interesting to col- 
late the different views expressed on the contributions of theory and empiricism to chemotherapy 
The book is excellently produced but has no index 

H. McILwalin 


Progress in Biophysics and Biophysical Chemistry, Vol. 8. Edited by J. A. V. Butter and B. Karz 
Pergamon Press, London, 1957. 409 pp., £5 Ss. 


IT is quite unnecessary to give any general recommendation of this volume of reviews; it suffices to say 


that Volume 8 maintains the high standard of its predecessors, now a well-known series of articles of 


quite outstanding excellence. This issue again covers a wide range of topics, each reviewed by an 
active expert in the field and each concerned with an advanced, highly specialized and difficult 


problem. For this reason these volumes are by no means light reading, although the problems are 


fascinating, and only the most earnest of biophysicists will have both the inclination and the necessary 


background training to study them seriously from cover to cover. 

The chief use of such reviews is firstly to initiate new workers into particular fields and secondly to 
broaden the reading of biophysicists, biochemists, colloid chemists, physiologists, etc., working in 
related fields. A valuable feature of many of the articles—and one which could well be developed 
further—is the inclusion of short *‘summaries”’ and “‘conclusions”’ for each sub-section so that the 
outcome of a series of experimental! results or closely-reasoned arguments can be readily appreciated 
by a general reader, who may not be much interested in the details 

It would be invidious to pick out any of the present series of articles for special comment: not only 
are they all competent and up-to-date (1957) reviews, but they represent devoted labours on the part 
of the contributors, for which fellow scientists will be grateful. The contents of this volume are as 
follows: 

The physiology of hearing. (1. C. Wurrriecp, Birmingham), 

Human colour vision. (G. S. BrinpLey, Cambridge), 

The electrochemistry of the bacterial surface. (A. M. James, London), 

Effect of radiation on DNA synthesis in mammalian cells. (L. S. Ketvy, California), 

The axon surface. (F. O. Scumitt and N. Gescuwinp, Massachusetts), 

The biosynthesis of some connective tissue components. (R. H. SmrrH, London), 

The ionic permeability of the red cell membrane. (1. M. GLYNN, Cambridge), 

The physical chemistry of deoxyribosenucleic acid. (K. V. SHoorer, London), 

The biosynthesis of protein. (R. B. Lorrrietp, Massachusetts) 

4 general impression of the whole volume is of the increasing intensity of research effort. For a 
physical scientist it makes impressive reading to learn of the determination with which some of these 
incredibly difficult problems are being tackled 

If any libraries of universities or research departments which cater for the biological sciences are 
not already taking this series, it is high time they made good their deficiency 

J. A. KITCHENER 
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Papers to be published in subsequent issues 


H. G. Mautner: Comparative study of 6-seleno-purine and 6-mercapto-purine in the Lactobacillus 
casei and Ehrlich ascites tumour systems 


Mo ino, D. M and C. Mentzer: Influence de l'acide méthyl-3 penténe-3 oique sur la bio- 
synthese de ergosterol par la levure (Saccharomyces cerevisiae) 

A. Dt Marco, A. Necco and E. CastaGNaro 
like behaviour 

W. Katow and R. O. Davies 


serum cholines 


Antimitotic activity of substances showing a heparin- 


The activity of various esterase inhibitors towards atypical human 
S. M. Kinpekar, C. A GoopLaD and J. J. Lewts 


Reserpine depletion of adenosine triphosphate 
from the rat sup *nal medulla 


(Short communication.) 
J. M. VAN Rossum, I ARIENS and G. H. LINgSAN 
H. CHANTRENNI 


communicate 


Three basic types of curariform drugs 
-azaguanin eprovoque-t-elle la formation de proteines anormales”? (Short 


1. B. Witson and S. GinssurG: Reactivation of alkylphosphate inhibited acetyicholinesterase by bis 


quaternary ves of 2-PAM and 4-PAM 


N. J. GIARMAN and M. Day: Presence of biogenic amines in the bovine pineal body 


E. Kun, D.R servi, D. W. Fansnter and R. M. 
genase with t fluoro—succinic acid 

E. C. De Benzo W. KERNS 

biochemical effects of hypogls 


C. M. Crark, G. A. J. Goopiap and H. N. Munro: The 


incorporatior il m 


The reaction of malic dehydro- 


H. H. Biro, W. P. B. Coutomp and E. Kacerra: Some 
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Biochemical Pharmacology 


1958, Vol. |, pp. 169-173. Pergamon Press Ltd... Printed in Great Britain 


A COMPARATIVE STUDY OF 6-SELENOPURINE AND 
6-MERCAPTOPURINE IN THE LACTOBACILLUS CASEI 
AND EHRLICH ASCITES TUMOR SYSTEMS* 


HeNRY G. MAUTNER 


Department of Pharmacology, Yale University School of Medicine 


New Haven, Connecticut 
(Receive ugust 1958) 


Abstract—6-Selenopurine has antimicrobial activity exceeding that of 6-mercaptopurine 


ll system selenopurine, like tf 


In an Ehrlich ascites tumor ce ypurine, inhibits the 
incorporation of formate into guanine and adenine, but not hymine, and (except at 


high levels) does not inhibit the uptake of adenine 
RECENTLY, 6-selenopurine was synthesized' as a member of a series of selenium 
analogs of various sulfur compounds with physiological activity. Selenopurine inhibits 
the growth of the mouse lymphoma derived from leukemia L-1210 to the same extent 


as does 6-mercaptopurine,? the latter being a clinically useful antileukemic com- 


pound.*: * Against two other mouse tumors, selenopurine exerted less activity than 


did its sulfur analog. Since the selenium compound was considerably less stable than 
mercaptopurine, the half-life of the former agent being only six hours in phosphate 
buffer (pH 7 or 8) at 37 'C (under these conditions 6-mercaptopurine exhibited no 
degradation), it seemed likely that much lower blood levels were achieved with 


selenopurine than with equimolar amounts of mercaptopurine 
The observation that equimolar amounts of these two compounds yielded equal 


effects against at least one tumor implied that the intrinsic activity of selenopurine 


TABLE |. MINIMUM INHIBITORY CONCENTRATIONS OF 6-SELENOPURINE AND 


6-MERCAPTOPURINI 


plopurine Scienopu 


Organism Merca 
Micrococcus pyogenes (var iurcus) 
Klebsiella pneumoniac 
Bacille Calmette Guerin 
Aspergillus fumigatus 
Botrvts cinerea 
Candida albicans 
Microsporum audouint 
Saccharomyces cerevisiae 
Trichophyton mentagrophytes 
Fusarium bulbigenum 
Ceratostomella ulmi 


* This material was presented before the Division of Biological Chemistry at the 133 Meeting of 
the American Chemical Society, April 1958, San Francisco, California. The work was supported, in 
part, by a grant (C-2817) from the National Cancer Institute, U.S. Public Health Service 
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must be very high, and suggested further comparisons of these compounds in other 


biological systems 
bitory activity of selenopurine on the growth of a fairly wide range ¢ 


was tested, the substance proved to be considerably more active tha 


of 
n 


io compound. A similar relationship had been found pre- 


ngal actions of seleno- and thio semicarbazones an 


d 


cnopurine were cxamined particularly with respect to then 


rowth of La asel (ATCC-7469) an organism 


ues regarding their mechanism 


asei whether the 


hypoxa thine ine 


RINI AND O-MERCAPTOPURINI 


Tit OF 


ied witl 


us work with 


Partial reversal also was seen 


ficiently as 
a mercaptopurine-resistant strain 
cross-resistance to selenopurine 
the low water-solubility of mer- 
the resistant organism can be 
Furthermore, decomposition of the selenium com- 
neubation periods required for growth made it difficult to 
resistance observed here 
Lo use a system capable of yielding results during incubation 


periods short enough to be compatible with the low order of stability of selenopurine. 


but yet product of data concerning its mechanism of action. I hrlich ascites tumor 
cells appeared to fulfill these requirements and a study of the abilities of mercaptopurine 
and selenopurine to block the uptake of formate and adenine was undertaken 
Incubation of mercaptopurine or selenopurine with mouse Ehrlich ascites tumor 
cells in the presence of either formate-C™ o1 adenine-8-C"™) separation of ribonucleic 


and deoxyribonucleic acids, and isolation and determination of the specific activity 
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of adenine, guanine, and thymine, yielded the data shown in Table 3. All figures are 


related to uptake in the absence of inhibitor expressed as 100 


TABLE 3. INCORPORATION OF FORMATE-C!'* AND ADENINE-8-C!! IN THE PRESENCI 


TUMOR 


EHRLICH ASCITES CELLS 


OF MERCAPTOPURINE OR SELENOPURINE IN 


Inhibitor umoles ml DNA-Gu RNA-Gu DNA-Ad RNA-Ad Th 


Ptah e of ade ne 
Mercaptopurine 0-25 90 90 150 100 


140 


Selenopurine 0-25 00 100 110 110 


? 50 


Uptake of formate 
Mere iIplopurine 


Selenopurine 


It can be seen that mercaptopurine inhibits the uptake of formate into adenine and 


guanine but not into thymine. However, the uptake of adenine into RNA and DNA 


adenine and guanine are actually increased at the higher levels of mercaptopurine, and 


that of adenine into DNA-adenine at even the lower level; presumably this ts attri- 


butable to interference with synthesis de novo of purines”: '' and to a resultant increase 


in the utilization of exogenous purines 


Selenopurine at the higher level (2:5 «moles/ml) caused some blockage of the 


incorporation of adenine into purines and of formate into thymine, possibly due to 


some general inhibition of cell processes; however, the blockage of incorporation of 


formate into purines was much more extensive. At the lower level, 0-25 «moles/ml, 


selenopurine caused a pattern of inhibition which was almost identical with that 


resulting from equimolar amounts of mercaptopurine 


Therefore, it appears that selenopurine and mercaptopurine have very similar 


mechanisms of action, and that these compounds, or their metabolic derivatives, 


interfere to a greater extent with a reaction concerned with the synthesis of the purine 


ring than with the utilization of adenine or its derivatives. Since in some bacterial, 


tissue culture, and enzymatic systems? the activity of selenopurine exceeds that of the 


sulfur analog, and since the only difference between the two essentially isosteric com- 


pounds consists of replacing one atom with another only one step down in the periodic 


table, it is hoped that eventually it may be possible to express the differences between 


mercaptopurine and selenopurine in terms of basic physicochemical phenomena. 


EXPERIMENTAI 


Antimicrobial screening of mercaptopurine and selenopurine. M. pyogenes (var. 


aureus) and K. pneumoniae were grown on Difco Penassay broth. Six-hour cultures 
were diluted 1 :1,000,000 in the broth giving an inoculum of circa 1,000 organisms/ml. 
To tubes containing 2 ml of inoculated broth, different amounts of test sample were 
added by means of a Kahn pipette to give dilutions ranging from 1:20 to 1:5120. 
The test tubes were shaken and, together with inoculated control tubes, were incubated 
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at 37°C for 17 hr. Minimum inhibitory concentration was obtained by determining 


the presence or absence of turbidity comparable to that of the controls. 


For the antifungal assays, different amounts of test compound were dissolved in 
F, agar medium (5-0 g tryptone, 1-0 g malt extract, 10-0 g glucose, 3-0 2 yeast extract, 
15-0 g agar, diluted to 1,000 ml with distilled water). With the aid of pipettes three 


different fungi were streaked across each plate and these were incubated for 3 to 4 davs 
at room temperature. Minimum inhibitory concentrations were determined by lack 
of visible growth. When no level of the compounds tested caused complete inhibition. 
the minimum inhibitory concentration was reported as 100 «g/ml 

L. casei studies. The organisms were maintained on agar (beef extract, yeast 
extract, peptone, tryptone, agar, dextrose, sodium acetate) and transferred every 
three weeks to the medium of Sauberlich and Baumann" as modified by Welch et a/.” 
The medium used for the mercaptopurine-resistant’ strain contained 500 yg of 
mercaptopurine ml 

For assays, the above medium": !? was used. excluding purines and uracil. Standard 
washed inocula were added to duplicate tubes containing $ ml of double strength 
medium enriched with growth factor Appropriate amounts of test solution were 
added and the final volume was adjusted to 10 ml Solutions of selenopurine were 
sterile-filtered, since the lack of stability of this compound does not permit autoclaving 
It should be noted that selenopurine (in a concentration of 20 »g/ml) which had been 
permitted to decompose in a 37°C incubator for 48 hr did not inhibit the growth 
of L. casei 

An incubation period of 48 hr at 37°C was used for both the wild and the 
resistant strain. Growth was followed turbidimetricalls using a Klett-Summerson 
photoelectric colorimeter (filter 66). Good correlation was obtained between Klett 
readings and potentiometric titrations of the acid produced. At selenopurine con- 
centrations exceeding 0-2 »mole/ml, the latter method had to be used because of the 
precipitation of colloidal selenium 

For reversal studies, the metabolites tested were added prior to inoculation 

Ehrlich ascites tumor cell studies. Mouse Ehrlich ascites tumor cells were obtained 
by the method of Prusoff, Lajtha, and Welch."" Sodium formate-C™ (specific activity, 
I-5 xe/mole) was obtained from the California | oundation for Biochemical Research 
as was adenine-8-C™ (specific activity, 0-9 uc/mole). In 20-mI beakers were placed 
0-25 ml of packed cells, 5 xe of formate-C™ o1 adenine-8-C™, 0-2 ml of pig serum. 
| ml of inhibitor solution, and the volume was adjusted to 2:5 ml with a modified 
Chamber's solution.” The beakers were placed in a Dubnoff metabolic shaker for 

at 37°C under an atmosphere of air 

he reaction was stopped by pouring the cell-suspensions into 20-30 ml of 95 per 
cent ethanol. After centrifugation, fats and acid-soluble fractions were removed in the 
usual fashion" and the residue was dissolved in 0-5 N KOH Following neutralization 
with Dowex-50-H* resin the mixture was filtered. To the filtrate ice-cold trichloro- 
acetic acid (TCA) was added to give a pH of 1. The precipitate, which contained the 
deoxyribonucleic acid (DNA), was separated from the soluble ribonucleotides by 
centrifugation. The DNA-fraction was heated with 5 per cent TCA for 30 min at 
90°C and the residue discarded. TCA was removed from the supernatant fluid with 
ether and the residual solution was evaporated to dryness on a steam bath, as was the 
solution containing the ribonucleotides. Treatment with 0-2 ml of 12 N perchloric acid 
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on a boiling water bath was used to liberate the free bases. After neutralization with 
6 N KOH and centrifugation the supernatant solutions were evaporated to 0-5 ml. 


The bases were separated by paper chromatography using an isopropanol-HCl 
system.!® The individual spots were eluted with water and chromatographed in a 
butanol-ammonia system,'® except for that of guanine which was rechromatographed 
in isopropanol and HCI. The concentrations of the individual bases were determined 
spectrophotometrically and their radioactivity was measured, subsequent to plating 
aliquots on stainless steel planchets, by counting in a windowless flow-counter 
Determinations were made in duplicate 


icknowledgements—We are indebted to Dr. William H. Prusoff for his invaluable advice concerning 
the work with Ehrlich ascites tumor cells, to Miss Eva Schur for carrying out much of the technical 
work described here, and to Professor Arnold D. Welch for his encouragement in the pursuit of these 
studies. We are indebted to Miss Barbara Stearns of the Squibb Institute for Medical Research for 
obtaining the data shown in Table |. We are indebted finally to Miss G. B. Elion of the Wellcome 
Research Laboratories, Tuckahoe, N.Y. for generously supplying both the wild and the resistant 


strains of L. Casei used 
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pentene-3 olque, administré a de la levure de biere 

10°’, permet d’exalter chez ce micro organisme la 

sser du simple au double dans ces 

conadit 


Abstract. W Miromyces cerevisiae) is treated with 
? 10 the rate of biosynthesis of 


t of the cells can become more than 


\u cours de ces derniéres années, des recherches (res importantes ont profondément 


modifie nos conceptions sur la synthése des sterols chez les étres vivants. Si le role de 
acide acétique mme precurseur de ce groupe d 


composes terpeniques est connu 
depuis lonetem: lay 


lature des autres s 


etude depuis peu de temps seulement. Parmi 


ubstances intermediaires intervenant 
dans cette ch; ‘ reactions est a les 


molecu isceptibles de s‘intégrer dans le cholestérol. apres marquage au "'C, l'acide 
dimethyl-acrylique? présente un intérét particulier, car c'est une unité structurale a 
> atomes de cart du type isoprénique dont I’élaboration jn vivo est facile a inter- 


ante 


CH,.COOH 
2 CH,COOH CH ,COCH,COOH 


OH 


CO, H,O 


CH.COOH CH. CH COOH 


CH, COOH CH, 


Dans ce mécanisme, l’acide acelique se fixerait sur l’acide acetylacetique sous forme 


d’acetyl-coenzyme A, comme dans d'autres reactions d'un type analogue (cycle 


citrique, etc. . .). Il y a lieu de noter cependant qu'un composé trés voisin, l’acide 


“mevalonique’’, 4 6 atomes de carbone, s’intégre dans les Sterols avec un rendement 


bien supérieur et semble étre un precurseur plus direct des édifices lsopreniques que 


acide diméthyl-acrylique. Alors que la plupart des recherches dans ce domaine ont 


porte sur la biosynthése du cholestérol lui-méme. lergostérol, constituant fondamental 
"a été que tres peu etudié sous cet angle. 
Au cours de ses investigations sur 


de la levure de biére, n 
linhibition de la biosynthése du cholestérol chez 
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les animaux, l'un d’entre nous, en collaboration avec G. Zwingelstein et J. Jouanne- 
teau®, a eu l'occasion d’étudier un certain nombre d’analogues structuraux de l’acide 
dimethyl-acrylique en vue de verifier dans quelle mesure de tels analogues peuvent 
exercer un effet de bloquage sur la chaine biogénétique en question. On sait en effet 
que des modifications structurales bien déterminées peuvent conférer a certains 
metabolites des proprictés antimetabolites correspondantes, en vertu d°un phénoméne 
de competition dont nous connaissons actuellement de trés nombreux exemples. C'est 
ainsi que, parmi composes étudiés, l'acide méthyl-3 penténe-3 oique mani- 
feste effectivement un pouvoir hypocholestérolémiant quand on l’administre a de 
jeunes rats soumis a un régime donnée. 

Partant de ces faits, nous nous sommes demandé quel allait étre l’effet de cet acide 
vis & vis de la biosynthése de l’ergostérol par la levure de biére (Saccharomyces 
cerevisiae). La parente structurale entre ce phytostérol et le cholestérol permettait en 
effet de s’attendre a un mécanisme biogénétique identique en ce qui concerne I’édifica- 


tion de ces deux substances. 


PARTIE EXPERIMENTALI 

Nous avons utilisé pour cette étude Saccharomyces cerevisiae, souche Hansen, 
du C.B.S. de Baarn 

Les micro-organismes sont cultivés sur le milieu liquide de Eaton et Klein’ de la 
fagon suivante: Dans des erlens de 100 cm*, munis sur le cété d’une cuve a faces 
paralléles, contenant 30 cm* du milieu nutritif, et préalablement autoclavés, on ajoute 
sterilement le produit a essayer en solution dans du bicarbonate de soude a | pour cent. 
Puis on ensemence chaque cuve avec des cellules Agées de 24 h ayant subi un passage 
sur milieu liquide. Les cultures sont maintenues a l’étuve a 34°. La croissance est 
suivie par des mesures d’opacite faites a l’électrophotométre de Meunier, a l'aide de 
la cuve a faces paralléles soudée sur les erlens 

Apres 60 h, on efflectue le dosage de l’ergostérol formé dans les cellules. Il n'est pas 
necessaire d’agiter les fioles de culture car il n’y a aucune différence sensible dans la 
teneur en ergosterol des cellules ayant été agitées pendant leur croissance ou non 
D*ailleurs, dans nos cuves, la surface est trés grande par rapport 4 l’épaisseur du 


liquide et les conditions d’aération sont suffisantes. 


Tec hnique du dosage d’ergost rol 

Nous utilisons la mesure colorimétrique de la teinte verte donnée par l’ergostérol 
en solution chloroformique avec l'anhydride acétique et quelques gouttes d’acide 
sulfurique concentre (réaction de Liebermann-Burchard), seule méthode suffisamment 
sensible pour les faibles quantités d’ergostérol que nous avons a doser. 

Les meilleurs résultats ont pu étre obtenus conformément a la technique suivante: 

Le contenu de la fiole de culture est centrifugé. Les cellules récoltées sont lavées a 
eau distillée puis centrifugées 4 nouveau. Le culot de centrifugation est repris par un 
peu d’cau; le volume de cette suspension est amené a une valeur connue, en général 
2 cm*. On préléve 0,25 cm* pour faire la mesure du poids sec des cellules et on effectue 
le dosage sur le reste de la suspension. A celle-ci, on ajoute 10 cm* du mélange de 
solvants: methylal-meéthanol (4:1). (Le méthylal est un excellent agent précipitant des 
proteines, ainsi qu'un excellent solvant des stérols et des lipides. Préconisé pour la 
premiere fois par Delsal®, en vue de l’analyse du sérum sanguin, son emploi n’avait 
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Pas encore ete ctendu jusqu’ici aux dosages de stérols autres que le cholestérol, 4 notre 
connaissance tout au moins) 

Apres agitation et centrifugation, le liquide est recueilli dans un petit ballon. Le 
precipite de nature protéique est rincé avee 5 cm® du solvant. Aprés une nouvelle 
centrifugation, les liquides sont réunis et le solvant est chassé au bain-marie. Le résidu 
est desseché a l'étuve a 105°. (Il doit ctre absolument incolore et non jaunatre) 

Apres refoidissement, le résidu sec est additionné de 3.5 em* de chloroforme qui 
dissout les stérols, éliminant ainsi les sels qui genent la reaction colorée. Aprés addition 
de 3,5 cm* d’anhydride acétique et de 2 gouttes d'acide sulfurique concentré, il ya 
apparition d'une teinte rose qui vire au vert trés rapidement. Aprés 5 minutes, la 
teinte s'est stabilisée 4 son maximum d’intensité (pour le cholestérol, 30 minutes sont 
necessaires). La lecture est effectuée 4 electrophotométre Meunier, écran rouge, 
D lO. La courbe d’etalonnage de l'appareil en ergosterol donne la quantité 
dergostérol de l’échantillon. La mesure du poids sec permet d’en déduire la concen 
tration dans 10k Ge levure seche 

uer que cette methode ne fait pas intervenir la saponification de 
extrait lip e. En effet Delsal démontre que, par sa technique les esters de 
holesteryle d nt dans ces conditions une coloration d’intensité identique a celle 


| 
i 


par | oOrestero 


pur. Aussi, il juge inutile une saponification prealable au 


dosage. Dans ~ eas, Nous avons fait ce meme dosage sans saponifier et aprés 


saponification des résultats identiques. De plus, la saponification a pour effet 
partois de jaur ¢ milieu, ce qui rend le dosage noins précis. Pour cette raison, les 


resullats Mentionnes dans ce travail ont été obtenus sans saponification préalable 


RESULTATS 
Nous a | dabord etudie l'action éventuelle sur la croissance de Saccharo- 
ir la synthése de l'ergostérol chez ce micro-organisme d'un 
des organiques. Nous avons constaté que la plupart des produits 
croissance de la levure mais, pour certains, diminuaient sa 
Seul parmi tous, l'acide méthyl-3 pentene-3 oique augmentait 
wmple au Gouble fa concentration de lergostérol des cellules dans nos conditions 
experimental us avons joint aux resultats du tableau | l’action du squalene, 


precurseur cor SUT la biosvnthese cle ergosterol 


DISCUSSION 

Les faits an etabdlis prouvent tout d’abord que l'acide méthyl-3 pentene-3 oigue 
peut se comporter G une fagon diametralement opposée suivant espeéce a laquelle on 
Vadministre. Alors qu'il est capable d’inhiber la biogenése du cholestérol chez le rat. 
| favorise au contraire la formation de l'ergostérol chez la levure. De plus, il est tout 
1 fait remarquable de noter la grande spécificité de cette propricte activatrice. Parmi 
les divers composes étudiés, seul le squalene est doué d'une action analogue; les autres 
derives essayés pour diverses raisons se sont révélés inefficaces. Or le squaléne se 
comporte comme un precurseur des stérols, ce qui signifie que les organismes chez 
lesquels il présente cette propriété ont le pouvoir d’claborer des systémes enzymatiques 
capables d’intégrer ce composé dans la chaine metabolique conduisant au systeme 


isoprenique. On peut dés lors se demander si l’acide methyl-3 penténe-3 oique ne doit 
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TABLEAU | 


Produits ajouteés Croissance 
(conc, 2 exprimeée en degrés Ergostérol 


photometriques 


apres apres apres g pour 100 g de 
24h 39h 48h 63h matiere séche 


> 


Temoin 370 400 418 0.57 


ac. cinnamique 10 ().4? 


ac. 8-methyl-cinnamique 


CH 


CH 


hen7oiquc 


trimethoxy-benzoique 


OCH 


H,O 


ac. pheny ISOCTOLONIGUC 24 330 $20 0.40 


COOH 


thiofane dicarbonique 


COOH | COOH 


\ 


ac. dimethyl-acrylique 


ac methyl-8-isobutyl acrylique 370 400 420 0,47 


ac. methyl-3 penténe-3 oique 


squalene comme le témoin 


Influence de certains acides organiques et du squaléne sur la croissance et la teneur en ergostérol 


de Sac charoniyces cerevisiae 
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Pe CH CH COOH 
J C= CH CIOH 
CA COOH 
COOH 
290 410 0,24 
COOH 
CCH 
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CH 
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360 400 420 0,36 
370 400 420 (a)_‘1,33 
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pas lui aussi étre considére’ comme un tel précurseur. Sa filiation avec lacide mévalon- 


vee son produit de deshydratation éthylénique est évidente: il suffit en 


adical methyle en bout de chaine par un groupement CH,OH 


COMPOses autre, comme le montrent les formules 


CH, 
CH.COOH CH CH,COOH 


CH.OH 


COOH 


ires Irequentes dans le 
(et les plantes et surtout 


enzymes capables de 
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1] ad 
1 


ent partic du 


u provdieme AINSI Pose 


sole des Celuies traitees 


tucliement en cours et doivent 


BIBLIOGRAPHIE 
K. BLocu et D RITTENBERE / ; 143, 297 145 625 (1942) 
B. Woopwarp et K. Biocu, J Soc. 78, 2023 (1953) 


G. ZWINGELSTEIN et J. JOUANNETEAU. ¢ R. Acad. S 


Bact. 68, 110 (1954) 
Paris, 26, 239 (1944) 


4 

Suivantes 
Pia 

CH 

CH ( 

mag 

Acide 

4 

= Cs ¢ Gesnvarorxviations ce tvpe sont 

i 

PPS Oique, la double liaison en position 

ente d ailleurs la dro 

a m ge cc la fixati d ene 

qui appelle d elles experiences 

ae par un tel acide. Des recherches dans ce sens sont a¢ ae 
? 
4. N. R. Eato H. P. Kirin, J 
J. L. Detsat, B Soc. Chim. B 


Biochemical Pharmaco 
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Abstract——Antimitotic activity of polysaccharide derivatives showing heparin-like 
action 1s described with regard to their pharmacological beh r. The conclusions are 
discussed with reference t possible paralichism betwecn coagulant activity of the 


substances and their inhibiting capacity on protoplasmic gelation 


CHANGES in protoplasmic viscosity that occur during mitosis have been considered 


very important for a regular mitotic process 


Heilbrunn® assumes that a substance which prevents gelation during mitotis hinders 


the formation of the achromatic figure inhibiting the cleavage of cells. This author 


considers that this hypothesis is supported by the action of | eparin on mitosis which is 


known to inhibit blood clotting and which is also able to prevent protoplasmic gelation 


Phe antimitotic activity of heparin was first observed in tissue cultures by Fischer*: 4 


and by Heilbrunn in investigations using the eggs of the worm ( haetopterus.® Some 


other mucopolysaccharides are also abl 


e to suppress the growth of embryonic tissue 


in vitro according to Balazs and Holmgren®. A heparin-like activity was observed also 


with bacterial polysaccharides 


From the foregoing we particularly investigated the antimitotic activity of some 


polysaccharide derivatives showing a lower anticoagulant action than heparin 


Ihe following substances have been tested 


PPE. Polylactose Phosphoric Ester (approximate mol. wt. 10,000: P 12 per cent) 


IH. Inactivated Heparin, i.e. the product of heparin oxidation in alkaline media 


followed by acetic acid precipitation (mol. wt. approximately 17,000) 


ACSE. Amino Cellulose Sulphuric Ester. Degradation product of cellulose (mol. wt 


15,000--20,000) containing an amino group and an ester group for each glucose unit 


Ihe product is fairly water soluble 
DS. Dextran Sulphate (mol. wt. 10,000-15,000; S 16 per cent). All these substances 


were prepared in the Laboratorix Ricerche Farmitalia by Dr. A. Gallo who kindly 


supplied us with the necessary samples. Details concerning preparation of these 


substances will be subject of a further report 


Heparin. “Liquemin” Roche (pure heparin) 


EXPERIMENTS 


Determination of anticoagulant and clearing action 


(1) The “in vitro” anticoagulant action of the above substances on recalcified plasma, 
determined by Lewis and De Maria’s method® was found to be remarkably lower than 


that of heparin Roche. 
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The results are summarized in Table 1. 


TABLE | 


Time of Heparin 
clolling 

w 


ro” clearing action of the same substances has been examined by 

Seifter and Baeder’s method.® 
Plasma from rats injected with the different substances was added to a lipidic 
emulsion. The turbidity, expressed as percentage of the transmission (per cent T) 
was measured with Beckmann D.O. spectrophotometer at ) 700 my. Readings 
were made at the beginning and after 3 and 20 hr respectively. The clearing activity 


was determined from the differences of turbidity (J) between 20 and 0 hr 


Clearing Activity 
Turbidity 
305 


0 
Substance Heparin 1H ACSE OSs 


dose mg/Kg 18 30 30 


Fic. 


he results, summarized in text Fig. 1, show that the clearing activity obtained with 
4 mg/kg of heparin is equivalent to the one of 18-30 mg/kg of the substances under 
study 


DS shows no activity 


ANTIMITOTIC ACTIVITY 
Our experiments were carried out on cultures of myocardial fibroblasts from 
8 day-old chicken embryos, according to the following techniques 


(a) rollertubes with three mica coverslips inserted 


(5) observation under phase-contrast microscope of living cells after the application 


of the substances. 


4 
IH ACSI DS PPI 
(ug) (ue) (ug) 
0 0 0 0 
< 
sO" 
O25 10 1< 
6 1-0 100 < q 
SOO 
* inactive dose 
minimal active dose 
ay VOL 
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PLATE | 
Effect of 500 »g ml heparin Roche on a cell in mitosis: 
(a) 120 min Anaphase reconstruction has begun: 
(b) 210 min Binucleated cell: 
(c) Fixation after 285 min. The same Binucleated cell 
Effect of 500 «xg ml heparin Roche on a cell in mitosis: 
(a) 210 min Binucleated cell: 
(b) Fixation after 285 min. The same cell 


Effect of 250 xg ml heparin Roche on roller tubes cultures. 
(a) and (b) Fixation after 24 hr. Colchicine-like metaphase. 


Effect of 500 «g ml 1H. Fixation after 285 min. 
Reconstruction of daughter nuclei 
Effect of 250 «g ml PPE on roller tubes cultures 
(a) Fixation after 24 hr. Binucleated cell 
(b) Fixation after 24 hr. Micronuclei. 
facing p. 180 


~ te 
18 om 1C 
< | 
No. 4 


PLATE 2 

No. 6. Effect of 1000 ng ml ACSE on a cell in mitosis 
(a) 52 min. Metaphase: 
(b) 55 min. Early anaphase 
(c) 11S min. Binucleated cell 
(d) 120 min. Binucleated cell 
Effect of 500 xg ml ACSE. Fixation after 285 min 
Nuclear pyknosis, vacuolation, cytolysis 
Effect of 250 ng ml ACSE on roller tubes cultures 
(a) Fixation after 24 hr. Anaphase reconstruction: 
(b) Fixation after 24 hr. Binucleated cell 
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Substances were dissolved in Hanks’ saline at concentrations of 250, 125, 25 and 
5 »g/ml. Their activity is referred to that of heparin Roche at the same concentrations 
as control. 

With the former technique, after 24 hr incubation at 38 C, the substances were 
placed in test tubes as follows: from 2 ml of a fluid medium, consisting of a mixture 
of Hanks’ saline (two parts), horse serum (two parts), and chick embryo extract (one 
part), 0-2 ml were substituted with the same volume of Hanks’ saline containing the 
respective substances. Cultures were further incubated for 24 hr and then fixed in 
Bouin’s fluid and stained with Mayer’s hematoxylin. 

With the latter technique, 24-hr-old cultures were examined under the phase- 
contrast microscope. The effect of the addition of substances to the cells was photo- 
graphically recorded for 3-4 hr. Cultures were then fixed and stained. The appearance 


of cells of permanent preparations was compared with the one observed during life 


RESULTS 

By phase-contrast microscope it can be noticed that about one hr after the addition 
of: 500 «g/ml heparin; 500 »g/ml TH; 1000 «g/ml ACSE and 2000 ng/ml PPE to the 
cultures, cells entering mitosis have slowed down metaphase. While some of them stop 
in this phase after cytoplasmic somewhat turbulent movements, other undergo 
anaphase without dividing and a nuclear reconstruction begins (Plate 1, No. 1, 2, 4; 
Plate 2, No. 6, 7). Within the second hour no other cells enter mitosis and some 
unhealthy ones, that previously revealed themselves by a progressive stuffing of 
granules, undergo degeneration 

DS compound, at concentrations of 500, 1000 and 2000 «g/ml does not influence 
either the duration or the course of the division process. No morphological alteration 
of nucleus or nucleolus is observed in fixed preparation after 4 hr from the addition of 
the substance 

Rollertubes cultures, after 24 hr treatment, show a different appearance 

An amount of 250 «g/ml of heparin Roche delayed the growth and in the meantime 
colchicin-like metaphase and pyknotic ana-telophases appeared (Plate 1, No. 3). Cells 
lost its spindle-shape and underwent lysis. This picture attenuates when concentrations 
decrease (125-5 g/ml) 

Block of the growth and the mitotic process occurs with 250 «g/ml of TH. Very 
many unhealthy cells with marked vacuolation and cytolysis are observed. These 
phenomena decrease parallel to the concentrations (125-5 «g/ml) 

ACSE and PPE at concentration of 250 «g/ml inhibit the cytodieresis in the same 
way. Several binucleated cells and anaphase reconstructions are found in the cultures 
(Plate 1, No. 5 and Plate 2, No. 8). This phenomenon is well evident also at lower 
concentrations (125-5 ug/ml) 

The DS which proved to be inactive at 4 hr observation on living cells, at con- 
centration of 250 «g/ml prevents any growth with marked cytolysis and nuclear 


pyknosis. The picture returns to normal at concentration of 5 yg/ml. Prolonged 


contact of this substance with the cells gives evidence to a certain degree of toxicity 


that 4 hr observation did not reveal. 


DISCUSSION AND CONCLUSIONS 


The results reported may be summarized as follows: 
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(a) substances endowed with a good clearing action, such as IH, ACSE and PPE 
(the anticoagulant action of which is 1/120 to 1/500 lower than that of heparin 


Roche) behave like antimitotic drugs 


(5) DS, which is a good anticoagulant (1/2-1/5 heparin) but not a clearing substance, 


shows no antimitotic activits 


Therefore, according to our results, it seems possible to exclude a parallelism 


between anticoagulant activity of a substance and its in} ibiting power of protoplasmic 


gelation 


It should be noticed that concentrations active on cell division are much higher than 


those active on coagulation. This may be ascribed to the slow penetration of these 


high molecu weight substances into the cells 


Ihe obser n that substances endowed with clearing action behave like anti- 


mitotic dru: uggests that they may have a particular affinity for lipoproteins and 


that their possible link wit] lipophil groups of fibrous protein 


ch 


s of the spindle induces 


anges in the degree of folding of these polypeptide chains until more or less corpus- 


cular sl] 


as advanced by Ostergren'® to explain the colchicine activity 
is Known that colchicine too is able to inhibit the process 


Changes that occur during 
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THE ACTIVITY OF VARIOUS ESTERASE INHIBITORS 
TOWARDS ATYPICAL HUMAN SERUM 
CHOLINESTERASE 


W. KaLow and R. O. Davies 


Department of Pharmacology, University of Toronto 
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Abstract— Guided by genetic studies man sera were selected and postulated to contain 


either the usual type of serum cholinesterase (pseudocholinesterase). or ar typical variety 
of this enzyme, or a mixture of these two enzymes The shape of concentration- 
inhibition curves obtained with sera of the last-named categorn per tled no other 
interpretation than the presence Of a mixture of two enzyme I} concept of the 
existence of a usual and of an atypical form of human serum cholinesterase was thereby 


supportes 


The values for |,, (concentration of inhibitor causing 50 per cent inhibition) of 16 
J Le inhibitors for normal and atypical esterase were compared | tandard conditions 
Both types of esterase were equally affected by 1 phosp e ini tors DFP and 


TEPP. All other inhibitors blocked the typical esterase less than the normal one. In 


the me 


(1. 9-ust that 1s he difference between corresponding | values Increased ith 


increasing potency of the inhibitors 


severa co pounds aeca etnonium ind hiorpr me 


nhibitors of atypical esterase, but they were not ¢ mmpletely competitive inhibitors of 


the usual enzym« 


Every wiecuiec OF ¢ and of nvicnolfr 


centre ot ne normal esterase bu cur of these molecules ocked only ne 


centre of the atypical enzyme 


PHe susceptibility to inhibition of human serum cholinesterase (pseudocholinesterase) 


varies [rom person to person if the local anaesthetic, Dibucaine, is used as the inhibitor. 


By testing a large population,* it was found that the sera could be divided into three 


groups according to the strength of inhibition exerted by Dibucaine 


Family studies revealed that this triple division of sera was genetically determined 


There appeared to exist two autosomal alleles without dominance. which were 


responsible for esterase characteristics. The esterase of the homozygous normal or 


usual group was more sensitive to inhibition than the esterase of the homozygous 


atypical group, while the heterozygotes took an intermediate position.” The present 


report gives a survey of the action of several inhibitors upon representative samples of 


esterase. 


METHODS 
Esterase activity was measured by ultraviolet spectrophotometry, using a Beckman 


Recording Spectrophotometer Model DK2. The reactions were observed at 240 my 
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in absorption cells of either 10 mm or 50 mm light path. The experimental temperature 
was between 24° and 26°C. The solvent was M/15 phosphate buffer, pH 7-4. The 
substrate was benzoylcholine, § 10°’ M. Details of the procedure have been pre- 
viously reported 
Source of enzyme was usually human serum diluted 1:100. The criterion for the 
selection of individual sera for this study was their “Dibucaine Number” (DN).2 The 
DN equals the per cent inhibition produced by 10-° M dibucaine at pH 7-4 and 26 (¢ 
with § 10°’ M benzoyicholine as substrate and 100-fold diluted human serum as 
source of enzyme. Genetic studies had previously indicated that DN-values of about 
79 are given by homozygotes with normal or usual esterase. while a DN of about 16 
is typical of homozygotes with atypical esterase: and that of heterozvgotes approxr- 
mates 61 (with a range from 40 to 70). Altogether, sera of seven individuals were 
used: two of normal homozygotes, two of atypical homozygotes. and three of hetero- 
zygotes. In one series, purified serum cholinesterase (Cholase) was used in con- 
centrations which had approximately the same esterase activity as diluted average 
serum. The of Cholase was 79 
The following inhibitors were used 
ammonium bromide (TMA) (cf.. B.P. 1958 for the hydroxide.‘ 
oride U.S.P. 

Decamethonium bromide (C,,) (cf.. B.P. 1953 for the chloride).4 

Succinyk ne chloride B.P. 1958, U.S.P. X\ 

Meperidine hydrochloride B.P. 1958, U.S.P. 

Chlorpromazine hydrochloride B.P. 1958 

Procai drochloride B.P. 1958, U.S.P. X\ 

drochloride B.P. 1958, U.S.P. X\ 
Dibuca vdrochloride U.S.P. XV 
Win 5303 2-n-pentoxy, 4-amino-diethylaminoethylbenzoate hydrochloride 


Win 4510 2-n-hexoxy, 4-amino-diethvlaminoethyithiobenzoate hydrochlor 


Neostigmine bromide B.P. 1958, U.S.P. 
Physostigmine salicylate B.P. 1958, U.S.P. XV." 

l4. RO2-0683 dimethylearbamate of 
ammonium bromide.” 

15. Tetraethylpyrophosphonate (TEPP).' 

16. Diisopropylfluorophosphonate (DFP Isofluorophate) U.S.P. XV." 

(Compounds No. 3 and No. 4 are skeletal muscle relaxants: No. § is a svnthetic 
analgesic; No. 6 is known as a tranquillizer: Numbers 7-11 are local anaesthetics 
Numbers 12-16 are known as inhibitors of cholinesterases. and. of those, No. 14 is a 
specific inhibitor of serum cholinesterase) 

Each inhibitor was tested in several concentrations, with repetitions on at least two 
different days. Each time, every measurement was made in duplicate. For most 
purposes, only initial reaction rates were considered, i.c., the rates obtained in the 
interval between 30 sec and 210 sec after mixing enzyme and substrate. A deviation 
from this procedure was adopted for the purpose of determining the nature of in- 
hibition. Tests for competitive inhibition consisted in the recording of complete 


hydrolysis curves in the presence and in the absence of inhibitors. and determining 


the rates of breakdown of benzoylcholine as the tangents to these curves. As pre- 
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viously shown, the error inherent in this method due to the accumulation of split 
products is negligible :"* this has been confirmed in this series on a few occasions when 
data obtained by continuous recording were compared with those obtained by 
measuring initial rates 

In studies designed for comparing strengths of inhibition, rapidly acting inhibitors 
were always added to the enzyme simultaneously with the substrate. Slowly acting 
inhibitors were pre-incubated at 26 C with the enzyme for a suitable length of time 
Chis time was estimated in preliminary experiments by adding inhibitors to the 
enzyme prior to, and simultaneously with, the addition of substrate. During pre- 
incubation, enzyme and inhibitor were contained in 3 ml of buffer; addition of 
substrate solution increased the volume to 4 ml. The reported concentrations of 
inhibitor are the final concentrations, i.c., not those which prevailed during pre- 
ncubation, but those which existed during the hydrolysis of benzoylcholine 

For the determination of I; values (concentration of inhibitor causing 50 per cent 
inhibition), the data were analyzed graphically from plots of per cent inhibition vs log 
concentration of inhibitor. For control, the ratios of uninhibited reaction rates over 
nhibited ones were plotted against concentration of inhibitor whenever linearity of 
such a plot was postulated 

Enzyme activities are stated in units which are defined as micromoles of acetyl- 
choline hydrolyzed per hour by | ml of serum at 37°C. These units were calculated 
from spectrophotometric measurements on benzoylcholine with the aid of an empirical 


conversion tactor 


RESI 


LTS 
A survey of the activities of all investigated inhibitors towards usual and atypical 


esterase 1s given in Table |. The activities are expressed as pl.,, that is the negative 


TABLE | INHIBITION OF NORMAL AND ATYPICAL CHOLINESTERASI 
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DEP 10 70 | 
14 RO2-0583 8-86 6-78 120 


TEPP 


* The inhibitors are listed in the order of their observed activity toward normal human serum 


cholinesterase. Indicated are the duration of incubation of enzyme and inhibitor prior to the addition 
of substrate, the negative logarithms of the measured concentrations of the inhibitors causing 50 pet 
cent inhibition (pI,,.) and the (non-logarithmic) ratio of the two I,,.-values. The concentration of 


benzylicholine was 5 10-° M in all cases 
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logarithm of the concentration of inhibitor causing 50 per cent inhibition. For reasons 
which will be explained below, purified esterase in the form of cholase was used to 
represent the normal or usual type of esterase. The data indicating the inhibition of 
atypical esterase were obtained with sera from two individuals: the susceptibility to 
inhibition of the esterase in each of these two sera was alike. In doing the experiments, 
attention was directed primarily towards comparing the actions of a given inhibitor 
upon the two enzymes. Each value for I... resulted from the determination of con- 
centration-inhidition curves, as will be described below. The inhibitors used without 
pre-incubation are compounds Numbers I-11. The compounds listed under Numbers 
12-16 were found to exert their inhibiting effects slowly upon both usual and atypical 
esterases. Therefore, they were pre-incubated with the enzymes prior to the addition 


of substrate. The durations of pre-incubation are stated in Table | 


be esterase tion by RO2-0683 in sera from three d flerent persons 


Ihe abscis cal g molar oncentration of the inhibitor. Eacl rimental pomt is an 
iverage of ithons Theoretic il cur fitted to the data The curve to the lett 


ndicates Zonc h ». aS worked it for RO2-O683 by Myers The right-hand curve represents 


Zone A kinetics. 7 ntermediate curve ts a combination of the two limiting curves, calculated under 
the ISSUMPLIOT il » per cent of the uninhibited reaction velocity is duc to the usual type of enzyme 
The deviatior he data trom the theoretical curves is presumably explained by the simultaneous 


dilution of, and addition of substrate to. the enzyme-inhibitor system 


Figure | pictures the inhibition of cholinesterase in the sera of three persons, 
selected to represent the usual and atypical homozygotes, and the heterozygotes, in 
regard to esterase. The inhibitor was the neostigmine derivative RO2-0683. Each 
serum was pre-incubated for 50 min" with several concentrations of the inhibitor 
The I... the concentration producing 50 per cent inhibition, differed more than 
a hundredfold between the two homozygous sera, which were designated as usual 
and atypical. The third serum, which was genetically heterozygous and labelled as 
intermediate, behaved like a mixture of these two. All three sera had characteristic 
activities in the absence of inhibitors: the usual serum had 206 units. the intermediate 
153, and the atypical 91 units 

Figure 2 shows principally the same pattern as Fig. 1; however, the difference 
between the extreme curves is smaller, the intermediate curve is Steeper than in 
Fig. 1, and it has no step. Similar investigations have been performed with neo- 
stigmine, dibucaine, Win 5310, meperidine, succinylcholine, and decamethonium. In 
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Fic. 2. Cholinesterase inhibition by Win 4510 in sera from thre lifferent persons 


The abscissa indicates log molar concentration of inhibitor. Theo fitt 


etical cul are fitted to the data 
assuming Zone A kinetics to hold for all three sera. The intermediate curve ts a combination of the 
two limiting curves, calculated under the assumption that 66 per cent of the uninhibited reaction 
velocity is due to the usual type of enzyme 


each case, there was an intermediate curve stretching from the base of the usual curve 
to the top of the atypical curve 

The two last named drugs, succinylcholine and decamethonium, differed from all 
other compounds in that the slopes of the inhibition data for the usual enzyme were 
less steep: that is, the slopes at the inflection point were about 46 if per cent inhibition 
was plotted against log concentration of inhibitor 


Fic. 3. Cholinesterase inhibition by decamethonium tn sera from three different persons 


The right-hand curve and the dashed curve are parallel: their shape indicates the assumption that 


one mole of decamethonium blocks one active centre of the enzyme. The fully-drawn curve to the 
left, which fits the data obtained with the usual esterase, expresses the assumption that every fourth 
molecule of inhibitor blocks two active centres. The intermediate curve is a combination of the two 
limiting curves, calculated under the assumption that 56 per cent of the uninhibited reaction velocity 
is due to the usual type of esterase 


In the example shown in Fig. 3, the slope was 44-94 + 2-25, if calculated by the 
method of least squares, from three experimental points of the middle section of the 
usual curve (38-8, 52-5, and 65-9 per cent inhibition). The 99 per cent fiducial limits of 
this slope were 34-60 and 55-28. The theoretical curve shown by the dashed line in 
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Fig. 3 has a slope of 56-0 over the same range of inhibition, and a slope of 57-5 at the 


point of inflection. In other words, the deviation of the data from the dashed line is 


Statistically significant 

[he intermediate curves shown in Figs. 1-3 were calculated by postulating the 
presence of a mixture of normal and atypical esterase in the heterozygous serum. For 
this calculation, specific assumptions had to be made regarding the proportion of 
normal to atypical esterase activity in the uninhibited sample. Thus, in | igs. | and 3, 
the normal esterase was assumed to contribute 56 per cent to the total activity, while 
in Fig. 2, the contribution was taken as 66 per cent Samples of heterozygous serum 
from different persons were used in the three experiments of | igs. 1-3. The apparent 
proportion of normal esterase differed between samples from different heterozygotes, 
not only if the inhibitors were changed, but also if only one inhibitor was used for the 
determination of concentration-inhibition curves. This is a confirmation of previously 
reported observations on the person-to-person variations in intermediate DN-values.? 

[he normal and the e*typical curves have been determined for a number of other 
inhibitors; this appeared to be the primary task, since they set the limits for the 
intermediate curves. Particularly if there was little or no difference between the normal 


and atypical curves. measurements on heterozygous sera were omitted (Figs. 4 and 5) 


>. Cholinesteras ion by tetraethylpyrophosphate, in sera from two different persons 


The abscissa in nolar concentration of inhibitor. Each point represents an average of 


duplicate determina s. An empirical curve is fitted to the data 


| 
| 
| 
| 
= 
| 
| 
| 
| 
itypica 
| 
Fic. 4. Cholit 
dup n by tetra [TMA q 
a ch point 1 different per 
% int ass nt sana : 
Fu 
| 
¥ 
a 


The activity of various esterase inhibitors towards atypical human serum cholinesterase 189 


Other differences between the two enzymes became apparent when tests for compe- 
titive inhibition were made; an example is given in Fig. 6. The hydrolysis of benzoyl- 
choline was followed in the presence of various concentrations of Win 4510, and the 
data were analyzed with the aid of double reciprocal plots Each graph permits the 
evaluation of the apparent dissociation constants of the enzyme-substrate complex 
ES, the enzyme-inhibitor complex El, and the complex ESI consisting of enzyme, 
substrate and inhibitor, the constants being Krys, Ker and Axyst. respectively. The 
inhibition is termed competitive if the ESI complex cannot be formed, i.e., if Kest 1s 
infinitely large. Friedenwald and Maengwyn-Davies™ have defined SO 
that the degree of competition can be expressed in terms of the constant « which, for 


non-competitive inhibition, has a value of 1-0, and which becomes infinite for com- 


pletely competitive inhibition. For the data obtained with the atypical esterase and 


Win 4510 (Fig. 6a), the constants are Kgs = 2:5 10O->, Ker = 6°5 10-* and 


(a) (db) 


Fic. 6a and 6b. Tests on mode of inhibition of normal and atypical esterase by Win 4510 
The abscissa shows the reciprocal of the molar concentration of benzoylcholine; the ordinate 
indicates the reciprocal of the reaction velocity in arbitrary units. The data were gained as the tangents 
to continuous hydrolysis curves. The initial concentration of benzoylcholine was 5 10-° M. The 
lines with the flattest slopes in each graph represent data obtained in the absence of inhibitor. The lines 
become steeper with rising concentrations of inhibitor. A common intercept at the ordinate indicates 
completely competitive inhibition, as in Fig. 6a, while the intercept to the left of the ordinate, as in 


Fig. 6b, indicates a partially competitive inhibition. See text for further explanations 


% ©. Fot the data obtained with the usual esterase (Fig. 6b), the constants are 
Kes = 38 x 10~*, Ker = 3-7 10-8 and « = 6-2. Similar investigations have been 
made for all those inhibitors which act rapidly and which were not hydrolyzed at an 
appreciable rate by the usual esterase; that is, for choline, TMA, meperidine, decame- 
thonium, chlorpromazine, and dibucaine. All these compounds proved to be compe- 
titive inhibitors for atypical esterase, and choline, TMA, and meperidine also were 
completely competitive inhibitors for the usual enzyme. However, decamethonium 
(«a = 10-7), chlorpromazine (« = 9-3), and dibucaine (x = 8-7) were not completely 


competitive inhibitors for the usual cholinesterase. 
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Purified esterase (Cholase) behaved usually like normal homozygous serum. How- 
ever, In some specific tests, differences between a normal sample of serum and cholase 
were established by statistical means (analysis of variance) with p < 0-01. Thus. the 
concentration of procaine causing 50 per cent inhibition (1,,) was 4-42 10-° M for 
purified esterase and 3-94 » 10-5 for the tested sample of normal serum. No differ- 
ence between the DN-values of cholase and this sample of serum could be established. 
A similar difference was proved statistically between the values for I, of succinyl- 
choline for cholase and for another sample of normal serum. Since previous observa- 
tions* had already suggested the existence of differences between sera with a normal 
DN-value, cholase was chosen as a standard to represent normal esterase in some 


tests which hay e been descr ibed 


DISCUSSION 

In support of the conclusions drawn from genetic studies, the data presented in this 
paper suggest strongly the existence of two different types of serum cholinesterase 
which may occur alone or in a mixture. One conceivable alternative to this conclusion 
can be dismissed. Let us assume that there exists only one type of serum cholinesterase, 
and that the observed differences are due to unrecognised materials in some sera. 
which modify the esterase activity as physiological or pathological inhibitors or 
activators. Suc materials might be either competitive, non-competitive, uncom- 
petitive, or “discontinuous” agents.!5. 14 Non-competitive agents by definition do not 
change Michaelis constants, and thus could nc: alter the susceptibility of an enzyme 
to experimentally-added inhibitors. Competitive agents would depress the apparent 
affinities for both substrate and added inhibitors by a constant factor, and thus could 
not produce the changing ratios of “I s59-atypical/I,o-usual”, which are shown in 
lable 1. The behaviour of uncompetitive and “discontinuous” agents is more difficult 
to predict. However, in each case, the intermediate curves (cf., Figs. 1-3) should be 
essentially parallel to the limiting curves, which they are not 

In short, the observed differences cannot be explained as being due to the presence 
of any reversible modifier of esterase activity. The data presented in this paper leave 
the possibility open that an inherited specific modifier, such as another protein, might 
be firmly and irreversibly attached to the enzyme. The results of physico-chemical 
investigations, to be published, suggest that the two enzymes differ little, if at all, in 
molecular weight and overall charge, and they confirm that there is no reversible 
modifier 


A plot of pl, -usual against pl ;o-atypical for the data listed in Table 1. suggests 


that the inhibitors can be divided into three groups (Fig. 7). First, there is the majority 
of inhibitors with pl..-values related by the equation pl,.-atypical = 0-0028 + 0-785 
pl,o-usual. The number 0-0028, which is graphically presented as the ordinate inter- 


cept, is negligible. Hence, the equation can be presented in exponential form: I,,- 
atypical = (I,o-usual)*"**®, In other words, the difference between the susceptibilities to 
inhibition of the two enzymes increased in an exponential fashion with increasing 
potency of the inhibitors. This rule became apparent only after measuring inhibitors 
with a 20,000,000-fold range of potencies. 

rhe second group of inhibitors consists of the two bis-quaternary ammonium 
compounds, C;, and succinylcholine. For these compounds, the above equations 
would predict a roughly tenfold difference between I,o-atypical and I,,-usual, while 
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the observed difference is more nearly hundredfold. A conceivable explanation is that 
these bis-quaternary compounds have a two-point attachment to the usual esterase, 
but only a one-point attachment to the atypical! enzyme. This hypothesis is supported 
by the observations of a difference in slope of the concentration-inhibition curves for 
the two enzymes (Fig. 3) and of a difference in competetiveness of inhibition. The 
inhibition of the usual enzyme appeared to be partially non-competitive. Hence, one 


Fic. 7. Plot of pl,9-(normal usual) against pl.»-(atypical) for the data listed in Table 1. 

The two points above the regression line to the right represent DFP and TEPP; the two points 
below the line to the left represent decamethonium and succinylcholine. The indicated regression line 
was calculated excluding these four points. This regression is described by: 

pl.,-atypical 0-003 0-785 pl.,-usual; 


correlation coefficient 0-995, 


might visualize that both of the two quaternary nitrogens of, e.g. C,9, are attached to 


a negative charge on the surface of the usual enzyme, but that this negative charge is 


not always a part of the active centre of the enzyme; this also agrees with the slope in 
Fig. 3 which can be taken to indicate that every fourth molecule of C;, blocks simul- 
taneously two active centres. By contrast, the completely competitive inhibition of 
the atypical enzyme by C, 9, and the apparent 1:1 ratio of blocking molecule and active 
centre are both compatible with the assumption that only one quaternary nitrogen ts 
attached to the enzyme; and that the point of attachment is always the anionic site” 
of the active centre. 

The third group of inhibitors consists of the phosphate inhibitors TEPP and DFP. 
The two enzymes were equally susceptible to these inhibitiors. DFP and TEPP are 
postulated’? to react with the esteratic site of the active centre, without any direct 
attachment to the anionic site. By contrast, all other inhibitors which affected the two 
enzymes differently, probably react with either the anionic site exclusively, or both 
the anionic and esteratic sites.!* This suggests that the esteratic sites of the two choline 
esterases may be identical, but that the difference between the enzymes involves the 
anionic site. This difference could be due to a relatively weak effective charge in the 
anionic site of the atypical enzyme. 
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changes in the intr activity and t iffinitic with consequently gradual changes from 


the one type to the « oT Vi ntermediates or mixed types 


In his classical experiments Claude Bernard' showed that curare has its point 
of action where the motor nerve and striated muscle have their connections. Curare did 
not prevent conduction in the nerve, while the muscle as a result of the curare-action 
no longer responded to indirect stimulation, but continued to respond to direct 
stimulation 

Muscle relaxants, which obey these criteria and therefore interfere at the neuro- 
muscular junction are called curariform drugs irrespective of whether or not their 
mechanism of action is identical with that of curare 

The mode of action of curariform drugs depends on the molecular properties of 
the drugs and on the inherent properties of muscle and myoneural junction 

Many vertebral skeletal muscles are composed of different types of muscle fibres: 
the “fast” or focally innervated twitch producing fibres and the “slow” or tonic 
contracture producing fibres.2 Most mammalian muscles as e.g. the tibialis muscle of 
the cat contain only fast fibres, while especially avian and amphibian muscle may 
contain a considerable number of slow fibres. Experiments with the isolated frog’s 


rectus abdominis muscle give information about the slow fibres only, and the chicken 


gastrocnemius muscle-sciatic nerve preparation that of both fast and slow fibres. 


Transmission through the myoneural junction is accomplished by the rapid release 
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of ACh at the nerve endings and the subsequent rapid enzymic breakdown by ACh- 
esterase. Drugs which interfere at the ACh-receptors or with the stimulus formed after 
occupation of the ACh-receptors with ACh, inhibit neuromuscular transmission and 
hence produce neuromuscular blockade. Owing to the inherent properties of fast and 
slow fibres, muscles containing only fast fibres are paralysed flaccidly, while the 
paralysis of muscles containing slow fibres as well, may be flaccid or spastic. 

Curariform drugs usually are divided into two classes: Type | the depolarizers as 
e.g. suxamethonium and Type II the competitors as e.g. D-tubocurarine. Both types 
have affinity towards the specific ACh-receptors, but there is a difference in intrinsic 
activity.* The depolarizers, including ACh, have a high and the competitors a very 
low intrinsic activity. When the enzymic hydrolysis of ACh is completely inhibited by 
high doses of ACh-esterase inhibitors a neuromuscular block of Type I is induced 
by neurogenious ACh 

In classifying curariform drugs one often encounters difficulties, for instance, the 
peculiar behaviour of dodecyltrimethylammonium has been revealed, when studying 
a series of alkyltrimethylammonium salts as muscle relaxants in the cat.* 

Not being a depolarizer, this drug was hardly or not at all antagonized by neostig- 
mine, while its action was synergistic to drugs of Type I. These findings were inter- 
preted as a non-competitive inhibition of ACh by dodecyltrimethylammonium.? 
A third type of curariform drug may therefore exist. Investigation of the series of 
alkyltrimethylammonium salts on the frog’s rectus abdominis muscle showed that a 
non-competitive antagonistic action was introduced in the butyl homologue that 
became more pronounced with increasing length of the alkyl chain.* Substitution of 
an alkyl group of increasing length for one methyl group on both quaternary N-atoms 
in decamethonium (C,,Me,) led to a gradual change from drugs of Type I via drugs of 
Type II to a type of muscle relaxants which exert properties of Type III.’ The NN’- 
diheptyl homologue of decamethonium (C,,Me,Hept) is a representative of this type.* 
The features of the three basic types of curariform drugs may be summarized as follows: 

Type I: the depolarizers, which also may be called cholinomimetics induce a flaccid 
paralysis of most mammalian muscles which is not reversible by neostigmine. In avian 
muscle they induce a spastic paralysis and in the isolated rectus abdominis muscle of 
the frog a contracture. 

Type II: the curarimimetics, cholinolytics or competitors induce a flaccid paralysis 
of both mammalian and avian muscle which is easily reversed by neostigmine. They 
are mutual antagonists of drugs of Type I. The curarimimetics do not produce a 
contracture of slow muscles. On the rectus muscle of the frog they are competitive 
antagonists of cholinomimetics. 

Type III: the non-competitive antagonists of ACh, which may be called “non- 
competitors” also produce a flaccid paralysis of both mammalian and avian muscle, 
which is however not reversed by neostigmine. They are synergists of drugs of Types I 
and II with respect to the paralysis of twitching muscle. The non-competitors also do 
not produce a contracture of slow muscles. On the frog rectus muscle they are non- 


competitive antagonists of the cholinomimetics. The non-competitive curariform 
drugs are supposed to block the transmission in the myoneural junction on recep- 
tors somewhere in the chain of events put in operation by the occupation of the 
ACh-receptors by ACh. Possibly the non-competitors have to be split up in different 
groups according to their point of action or their specific receptors. 
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Type IV: drugs, which block the synthesis of ACh in myoneural junction. The 
“ hemicholiniums * possibly may serve as an example. The compound HC, produces 
a flaccid paralysis of both mammalian and chicken muscles which is reversed by 
choline’’. On the frog rectus abdominis muscle HC, neither causes a contracture nor 
antagonizes the contracture as induced by ACh". 


The combination of the different types of curariform drugs result in various forms 


of drug interactions. Theories on drug actions and their mathematical development 


have been given earlier 

In searching for shortly-acting curarimimetics, Prestonal (3:14-dioxahexadecane- 
|:16-bis-(dimethyl, carbopropoxymethylammoniumbromide) was introduced. Pre- 
luminary clinical reports® suggested that it was a muscle relaxant of a mixed Type 
(I-Il). Further estigation™ revealed that edrophonium did not antagonize. but 
even potentiated the Prestonal induced neuromuscular block. On basis of these 
results Prestonal was supposed to be a relaxant of Type I. In, again, other clinical 
trials" Prestonal was mentioned to have a “dual blocking” mode of action (I-II) 
Other pharmacological studies” revealed a synergism of Prestonal to drugs of Type | 
(C,,Me,) as well as to drugs of Type Il (D-tc) 

lhe structural resemblance of Prestonal and C,,Me,Hept and the pharmacological 
properties hitherto known, led us to suppose that Prestonal is a curariform drug of 
ype III. The experiments confirmed this expectation 

On the isolated phrenic nerve-diaphragm muscle preparation of the rat, it could be 
demonstrated that Prestonal in a concentration of 2-5 umol/1, inhibits neuromuscular 
transmission without affecting the responses to direct stimulation of the muscle and 
without inhibiting the transmission along the nerve when applied directly to the phrenic 
nerve even in concentrations 100 times higher. Prestonal therefore is a curariform drug. 

lhe different features of the three basic types of curariform drugs and their inter- 
mediates or mixed types were investigated upon the isolated frog rectus abdominis*® 
and the nerve-muscle preparation of the cat and the chicken.” On the frog rectus 
cumulative log-dose-response curves were made for various cholinomimetics in the 
absence and in the presence of certain doses of drugs of Type II and Type III (see 
Fig. 1). The contracture induced by suxamethonium and Imbretil demonstrates a 
[ype I, the competitive antagonistic properties of p-te a ype II and the non-competitive 
antagonistic action of Prestonal a Type III action. On the chicken sciatic nerve- 
gastrocnemius muscle preparation suxamethonium (Fig. 2) induces a contracture 
(Type I), D-te a flaccid paralysis, which is easily reversed by neostigmine (Type II), 
while Prestonal also induces a flaccid paralysis which, however, is not reversed but 
rather enhanced by neostigmine (Type III). The contracture induced by SuCh and 
other drugs of Type I is antagonized both by drugs of Types II and III as e.g. p-te 
and Prestonal. The inhibition by p-tc can be overcome with higher doses of SuCh, 
which indicates a competition. 

rhis is in contrast with the inhibition with Prestonal, which cannot be overcome by 
higher doses of SuCh, suggesting a non-competitive antagonism. On the peroneus 
nerve-tibialis muscle preparation of the cat SuCh, p-te and Prestonal produced a 
flaccid paralysis. Contrary to p-tc, SuCh and Prestonal are not antagonized by neo- 
Stigmine. It is therefore concluded that Prestonal is a curariform drug of the non- 
competitive type. The easily hydrolyzable ester bonds in Prestonal are mainly 


responsible for its short action. 
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Fic. 1. Cumulative log dose-response curves for cholinomimetics performed on the isolat 


rectus abdominis mt >in the absence and in the presence of const: 


drugs. Note the agonistic properties of SuCh and 
é 


competitive antagonistic properties of p-tc (Type as a parallel sh 


} 


non-competitive antagonisti operties of Prestonal (Type III), as 


decrease of the maximal height (Fig. Ic), the competitive and n 
19 Me.pN¢ Benz Type as a shift and a decline of the ves (Ff g. id) 
competitive antagonistic properties of ¢ 1 Me,I t (1 ype I-11) as a contr tur nd a shift 


cl 4 ott ©€ Curves 


(Fig. le) and the agonistic and non-competitive antagonistic properties of HeptN Me, (Type I-IIT) as 


a contracture and a decline of the curves (Fig. If) 


It is to be expected from the theories on drug actions and experimental data that 
with gradual changes in the molecular structure of curariform drugs, gradual changes 
in the parameter’s intrinsic activity and affinity and consequently of one type into the 
other via intermediates will take place. So the introduction of heavier substituents on 
the quaternary nitrogen atoms results in a gradual change from Type I into Type II 
drugs (see the table). Introduction of substituents of increasing chain length as well 
as lengthening of the chain in between the onium groups results in an increase in 
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affinity to the non-competitive receptor system and thus in a gradual change from 
ype I or II into Type III drugs (see the table). 

Depending upon the intrinsic activity, curariform drugs are mainly agonistic (1) 
when the 1.a. is high, mainly competitive antagonistic (11) when the i.a. is verv low and 


intermediate or mixed I-II when the i.a. is intermediate Depending on the ratio, r, of 


the affinities to the specific acetylcholine receptors and the non-competitive receptors 


these drugs are mainly agonistic (1) or competitive (11) when r is large, both agonistic 
and non-competitive (I-III) or both competitive and non-competitive (II-II]), when 


r is intermediate and mainly non-competitive (IIL) when r is small 
556 ¢ r c) 


4 


Neost Prest. Neost 


1 drugs on the semi-isotonic responses of the chicken 


m (300 H, | msec, 0-2 mA) of the sciatic nerve every 
jection into the jugular vein. Prestonal (a) induces a flaccid 
roduces a contracture (Type 1), p-tubocurarine 


rsed by neostigmine(Type IL). The flaccid paralysis 


vel reversed but rather enhanced by neostigmine (Type I11) 


> 
dade i chicken of 2 ke (1 3 of full size) 


Doses were 
Examples of intermediates between I and II are the partially ethyl substituted deriva- 
tives of SuCh and C, yMe,. The dualistic behaviour (I-11) of SuChMe} t, was demon- 
strated by Ginzel er a/.4 on the pigeon sciatic nerve-gastrocnemius muscle prepara- 
tion. Also decamethonium exerts a dualism in action owing to the fact that its intrinsic 
activity is lower than that of SuCh (see Fig. 1a). ¢ 19oMe, Et has still a lower intrinsic 
activity than C,,.Me, and more pronounced dualistic behaviour® (see | ig. le) 
Examples of intermediates between II and III are ( 1oMe,Pr, C,,Me,Bu and 
C,»Me,pNO,Benz (Fig. 1d). On the frog muscle they revealed a competitive and non- 
competitive antagonistic action.” Also benzoquinonium. although mainly curarimi- 
metic is of a mixed II-III type. It induces a flaccid paralysis on both cat and chicken 
muscle. The paralysis on the cat is not, and that on the chicken is to a variable extent 
antagonized by ACh-esterase inhibitors. On the frog rectus there is an indication of 
only a slight non-competitive component in its action. The ethyl homologue of 
benzoquinonium is more purely a curarimimetic."® The compound C,,Me,Pr resembles 
C,oMe,Et and has an intrinsic activity not yet zero. So on the chicken muscle a slight 
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contracture 1s obtained. This implies that in fact C,,Me,Pr has characteristics of all 
three basic types. 

Examples of intermediates between I and III are found in the trimethylalkyl- 
ammonium series for the pentyl, hexyl and heptyl derivatives. E.g. on the frog rectus 
they exhibit a non-competitive auto-inhibition (Fig. If). Since intrinsic activities and 


affinities are parameters of drug and biological object, especially the intermediate 


compounds may vary in their mode of action on different muscles of the same species 
and on those of different species. Of course also the possible ACh-esterase inhibiting 
properties of the curariform drugs may influence the picture obtained. 

Investigations of ganglionic blocking agents on, for instance, the rectus abdominis 
muscle of the frog suggest that also these drugs may be divided into three classes.!® 


icknowledgements—We are indebted to Messrs. R. Geigy A. G. in Basel, Switzerland for the supply 
of Prestonal. We are grateful to Miss G. T. P. de Groot, Miss M. (¢ Wilken and Miss L. M. van 
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Abstract » eirica mh ne tricy Oms-quaternary derivat ves ol 2-PAM and 
4-PAM cs 1 and cdied as re tors Of acetyicholinesterase 


TEPP and DFP. Certain of the 2 PAM-derivatives and of the 4-PAM 


¢ sense Of producing reactiva 


ACETYLCHOLINESTERASE is inhibited irreversibly by a large number of organophos- 


phates such as tetraethylpyrophosphate (TEPP) and di-isopropylfluorophosphate 


(DFP). The inhibited enzyme can be reactivated very readily by pyridine-2-aldoxime 
methiodide (2-PAM) and by the less active pyridine-4-aldoxime methiodide 
(4-PAM [hese compounds are especially a 


active because they are bound by the 
inhibited enz n such a manner that the functional group the nucleophilic oximate 
oxygen ator one bond length from and is directed towards the phosphorus 
atom (Fig. | 


ed (ini 


Kinetics for reactivation are similar to that of an enzyme and 

bi d constant for the react vator al d the phosphorylated 

enzyme and a mum velocity.’ Therefore, it would appear that the iddition of any 

- binding feat s to the molecule would improve the activity in t e sense of lowering 

. the concentrat it which reactivation occurs provided of course that the maximum 

velocity was 1 nged. The maximum velocity will b unchanged if the orientation 

as shown in | !, iS not changed and if the nu leophilicity of the oxygen atom is 


maintained. In fact, considerations such as this led to the design of 2-PAM and 


4-PAM.* Since 2-PAM is extremely active, it might be assumed that the orientation 
IS aS good as be achieved and that the lesser activity of 4-PAM is caused by a 


poorer orientation. Such a situation would imply a lower Vine. for 4-PAM, which 
in fact ts truc 
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It is known that di-quaternary ammonium ions are better reversible, competitive 
inhibitors of acetylcholinesterase than are mono-quaternary ammonium ions. This is 
attributed to a second negatively charged region not too far removed from the active 


site of the enzyme. This second anionic region may be part of an adjacent enzymatic 


site or may be 


troduc nv a 


bi s-compounds 


1 that 
cit 


2-PAM 
2-PAM. We 

nese compound 
report on U synthesis of bis-compounds of the 2-PAM and 


4-PAM series and on the reactivating capacities of these substances, with special 


emphasis on the theoretical considerations already outlined 
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di-iodopentane and the mixture was left overnight at room temperature. The methanol 
was evaporated until the salts began to separate. Precipitation was completed by 


addition of ether. The mixture of mono- and di-quaternary salts was extracted with 


boiling acetone, in which only the mono-quaternary is soluble. On cooling the product 
crystallized. Yield: 2-0 g, 35 per cent, m.p.: 164—-165°C: per cent iodide: calc., 33-2; 


found, 32° 


Unsymmetrical bis-quaternary salt of pyridine-4-aldoxime and trimethylamine in which 
the linking chain entamethylen 
§-lodopentyl trimethyl ammonium iodide 0-77 g 
pyridine-4-aldoxime 0-30 
dimethyl formamid Ss mi 


Solution was heated on steam bath for 2 hr. cooled and an oil was thrown out with 


absolute ether. The oi] was sepal ited by decanting and was dissolved in warm 


acetone 


On cooling, a small amount of oil separated and was discarded. The bis-quaternary 


salt was precipitated with ether and recrystallized from absolute ethanol. Yield: 


calc.. 505: found. 500: 


0-38 g, 38 per cent; m.p.: 163-164°. Neutral equivalen 


per cent iodide: calc., 50-3; found, 50-0 


5-lodopentylpyridinium iodide 


1, 5—di-iodopentane I3¢ 
dimethy! formamide 20 ml 


pyridine ml 


lhe pyridine was added dropwise with stirring to the solution of di-iodopentane in 
dimethyl formamide and left at room temperature overnight. The solution was 
evaporated under reduced pressure and the oily residue washed with ether, dissolved 
in boiling acetone, filtered hot and cooled. The product was precipitated with ether 
Yield: 5-5 g, 46 per cent: m.p 3: per cent iodide: ¢ 31-5: found, 30-9 
Unsymmetrical bis-quaternary salt of pyridine-4-aldoxime and pyridine in 
linking chain is pentamethylene. This was prepared in the same manner as was the 
trimethyl ammonium derivative, and was recrystallized from methanol. Yield: 40 per 


cent: m.p.: 145—-148°. Neutral equivalent: calc., 525; found, 548; per cent iodide 


calc., 48-4: found, 47-9 

l al } §-gualernar\ Sa oF py) ridine -2-al and [rie thy lamine in 
which the linking chain is pentamethylene. This was prepared in the same manner as 
was the 4-derivative: it was recrystallized first from acetone and then from methanol. 
Yield: 7 per cent; m.p.: 206-207°. Neutral equivalent: calce., 505; found, 520; per 


cent iodide: calc., 50-3: found, 51-1 


{/} iodide sof 2-P \M and 4-P AM 


alkyl 1odide 1 mmole 
pyridine aldoxime 1-25 mmoles 
dimethyl formamide 10 ml 


The solution was kept at room temperature for two days (the two derivative was 


heated on a steam bath for 2 hr first), then it was evaporated under vacuum. The 


remaining oil was extracted with ether and dissolved in methanol. The product was 


precipitated with ether, redissolved in methanol, and again precipitated with ether. 
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TABLI 


Compound Per cent Neutral equivalent Per cent halide 


found cale found 
Pyridine-4-alds x 
pentiodide 
Pyridine-2-aldoxime 
pentiodide 
Pyridine 4-aldox 


dodeciodide 


ANALYSIS 


lodides and bromides were assayed by the Volhard method. Neutral equivalents 


were determined by potentiometric titration with 0-1 N NaOH 


This affords an addi- 
tional check 


the identity and purity of the compounds, 


should be obtained with proper pKa values. namely, in the neighborhood of 8. For 


because a “clean” curve 


the dibasic acids only or 


ne break was obtained, so that the pH at one-half neutralization 


the a ¢ two pKa values. These compounds are yellow in alkaline solution 
hed acetyicholinesterase from the 


electric organ of Electrophorus 
ydrolyzes 0-9 mmole of 


acetylcholine per min per mg of protein in 

M substrate, 0-1 M NaCl and 10-4 M } DTA; the reaction was 

id 25 C. To 0-2 ml of enzyme, 0-01 ml of TI PP solution contain- 

g (or | of DFP) was added in the cold 

diluted 10-fold used as a stock for 

diluted another 40- 1 before reactivation. Reactivation was carried out in 0-03 

M NaCl, 0-00 dium phosphate buffer of pH 7-8, 10-4 M EDTA. 25°C 
Ot the rea 


eac ed enz ution, mil is sufficient for measuring high reactis 
tions, but for Ci ati 


gly larger aliquot was used 


After two hours, the solution was 


inhibited enzyme. Usually this stock was 


to exclude CO,) in 100 ml of solution 
Alkali (0-01 N) was added 
upled to 


umber of 
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detrimental. 
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The bis-4-derivatives are very much better than 4-PAM, even for n 1, and a 
plateau appears to be reached at n = 3, which is about 500 times better than the 
simple compound for TEPP inhibition. For DFP inhibition the comparison is even 
more startling, the bis-compound, 7 5, is 1000 times better than 4-PAM and 
40 times better than 2-PAM in the sense of activity at very low concentration. How- 


ever, we do not have data for the maximum velocities, with which the comparisons 


will surely be less extreme. 

Ihe bis-derivatives of 2-PAM are just about as active as 4-PAM derivatives with 
respect to TEPP inhibition, but the latter n 5 is about 8 times better with DFP 
inhibition 


TABLE 4. REACTIVATION BY BIS-QUATERNARY DERIVATIVES OF 2-PAM AND 4-PAM 


The reactivations are for 6 min at 25°c; pH 7:8: 0-03 M NaCl 


TEPP inhibition DFP inhibition 
Compound pH 
mid pt concen- per cent concen- per cent 
tration reactivation tration reactivation 


2-PAM 50 
10-7 5 10-° 28 


10 
10 
10 


10 
10-7 


10 
10 


10 
10 
10 


4-PAM 10 
10 


i 
Ole 
7 5 5 
1 nN 3 ? 45 
32 
5 79 2 22 10-° 26 
| 4 13 5x 14 
3 
5 19 2 10 9-5 
| 
7-6 2 x 10-* 15 
§ 10° 16 
2 ‘ 
n 3 8-2 10 
> 
n=4 8-2 10-7 i8 
5 10-° 11 
8-3 10-7 18 25 x 10-* 46 
5 10 1-2 2 
n= 6 8:3 2 26 
15 
n 10 8-4 10-7 15 
5 10-* 
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[wo functional groups are not necessary for the enhanced activity, as indicated by 
the unsymmetrical bis-4-PAM derivatives. Only the binding contribution is necessary. 
Interestingly enough, 4-PAM-pyridine, which is the best compound for DFP in- 
hibition, is hardly more active against TEPP inhibition than it is against DFP inhibition. 
The unsymmetrical bis-compound of 2-PAM, although better than 2-PAM for rEPP 
inhibition, is poorer than 2-PAM against DFP inhibition 

The conclusion that the addition of extra binding features has improved the activity, 
in the sense of low ering the concentration at which activily occurs, 1s quite evidently 


justified. 


TaBLe 5. REACTIVATION BY UNSYMMETRICAI BIS-QUATERNARY AND 
OTHER DERIVATIVES OF 2-PAM aANp 4-PAM 


Ther ivations are for 6 min at 2 | 7-8; 0-03 M NaCl. Unsymmetrical bis-quaternary salts 


of py! aldo» 4 4-) and trimethylamine or pyridine in which the linking chain is 
pentamethylet ivatiy 1 which the N-methyl group is replaced by a 


longer aliy 


DFP inhibition 


cent concen- per cent 
iclivation ration reactivation 


2-PAM-trir 10-4 
amine d } 5 10 


-PAM-trimethy 5 10 
mine 2°5 10-* 


-PAM-pyridir : 10 
10 


10 
10 
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Abstract—The preparation of crystalline §-fluoro-oxaloacetic acid (FOAA) from its 


diethy! ester is described. FOAA is a 


competitive inhibitor of malic de 


1ydrogenase 


MALic dehydrogenase was obtained in pure form from pig heart by Wolfe and 
Neilands' and from mitochondria of ox heart by Davies and Kun.* A specific in- 


hibitor of this enzyme has so far not been described. In the course of search for such 
an inhibitor $-fluoro-oxaloacetic acid (FOAA) was prepared in pure form and its 


effect on enzymatic reactions catalyzed by malic dehydrogenase* determined. The 
diethyl ester of FOAA and its Na-enolate have been previously tested for their in- 
hibitory effects on multi-enzyme systems by Watland er a/.* and Gal,* but these forms 


of FOAA are not suitable for more definitive enzyme inhibition studies. The free 


acid has hitherto not been prepared. In this paper the preparation and properties of 
FOAA will be described and it will be shown that it is a competitive inhibitor of malic 


dehydrogenase. 


EXPERIMENTAI 


Preparation and properties of FOAA 
Diethyl fluoro-oxalacetate was prepared according to Rivett.® It was converted to 


the free acid under conditions favoring transesterification.* Hydrolysis of the ester by 


hydrochloric acid has been previously attempted without success.*» * The procedure 


used was as follows: 25 g of diethyl fluoro-oxaloacetate were dissolved in 240 ml of 


glacial acetic acid, then 120 ml of concentrated hydrochloric acid added. The mixture 


was kept at room temperature for three days, then evaporated to dryness at room 


temperature under reduced pressure by means of a Rinco rotating evaporator. The 


residue was 18-4 g of crude crystalline FOAA (85-5 per cent yield). This was purified 


by recrystallization from ether-petroleum ether (b.p. 30--60°C). After two recrystal- 


lizations which resulted in about 50 per cent recovery, the m.p. was 86—-87° (decar- 


boxylation) as determined with a Fisher-Johns block. Analysis: calculated for 


C,H,0,F: 1-5 H,O; C, 27-13; H, 3-41; F, 10-73. Found: C, 27-59; H, 3-67: F, 10-7 
Neutralization equivalent: calculated 88-5; found 89-0. 2,4-dinitrophenyl-hydrazone: 
m.p. 210-214” (starts decomposing between 90° and 150°C depending on the rate 


* Supporiec rants of the U.S. Public H S ce (CY-3861, C-3211, and H-2897) 
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of heating). Calculated for C,,5H;N,O,F: C, 36-37: H. 2:14: N. 16-97. Found: C, 36-6: 
H, 2:3; N, 16-9. This derivative is very hygroscopic. 

An aqueous solution of FOAA gives a deep purple-red color with aqueous Fe¢ Is. 
Che color reaches its maximum intensity after about ten minutes 

lhe crystalline acid is stable for about a month at room temperature, then slowly 
decarboxylat FOAA is extremely soluble in water 

Analysis and neutralization equivalent show that FOAA contains 1-5 moles of H,O 
Spectral evidence ind s that the keto group is in the hydrated form. This would be 
expected fro ¢ strongly electron attracting properties of fluorine which increase 
the positive acter of the neighboring carbon atoms 

The UV spectra of aqueous solutions of OAA and FOAA were determined at 
pH 1-5 (OAA, E* = 612: FOAA. I 96) and at pH II (OAA, / 798; FOAA, 
I 246) a 265 mu for OAA and 270 mu for FOAA. The UN 


absorption spectra of both acids are shown in Fig. 1. It is apparent that in aqueous 


x 


solutions FOAA is not appreciably enolized. This js further confirmed by infrared 
(IR) spectra ch are shown in Fig. 2 

Examinat 4 the IR spectra shows that 

(1) FOAA does not exhibit the Strong band at 6°] which is given by OAA and 
has been attributed to the resonance-stabilized chelated enol.** The hydrated form 
could not give an enolic chelate. The changes in the OH region are consistent with 
this view 

(2) FOAA has only one carbonyl band in the 5 « region (carboxyl), whereas OAA 
has two bands in this region (keto group and carboxyl) 


(3) FOAA a band at 9-14 «, due to the C-] bond," which is absent in OAA 


Preparation OF denvdrovgenase 


Malic dehydrogenase of rat liver mitochondria was prepared as described by 


Davies and K except the enzyme was not purified beyond the second stage. In 


calculating t ver numbers and expressing the amounts of enzyme, the molecular 


This is duc bony! in which the double bond 


character has been weakened by resonance 
follows 
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300 350 


Fic. 1. UV. absorption spectra of OAA and FOAA at pH 1-5 and 11-0. OAA 16-4 mg per cent, 


FOAA 14-0 mg per cent Readings were mad vith the Beckman DL spectraphotometer. 


RONS 


Fic. 2. IL.R. spectra of FAA and FOAA were made with the PERKIN-ELMER 21 instrument in 
K Br disks 


weight of 15,000 was used for mitochondrial malic dehydrogenase.* Conditions of 
enzyme assay as well as specification of substrates were the same as previously de- 
scribed.* Determinations of A; were carried out by the method of Dixon.'® 


The effect of FOAA on reduction of OAA 
The effect of FOAA on the reduction of OAA to malic acid by DPNH in the 


presence of malic dehydrogenase is shown in Fig. 3. In the presence of 20 pmoles of 


OAA per 3 ml reaction mixture, an approximately equal amount of FOAA (23-5 
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Fic. 5. Competition between OAA and FOAA. Enzyme 0-35 10 moles: DPNH 0-28 
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Fic. 6. Inhibition of malate oxidation by FOAA: malate S0 umoles: DPN 1-S wmoles: Tris 
buffer M, pH 8-4; enzyme 0-38 10~* umoles; volume 3-0 ml 


FOAA concentrations and from known values of K» for malate (between 5 10-4 
to M).? 


Similar competitive type of inhibition was obtained with other substrates of mito- 


chondrial malic dehydrogenase such as meso-tartrate (Fig. 7) and dioxosuccinate 


The extreme instability of dioxosuccinate made kinetic measurements somewhat 


uncertain and the A; value of 1-8 10° is a close approximation for this substrate 
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. Inhibition of oxidation of meso-tartrate by FOAA. Mesotartrate 150 nmoles:DPN 5 


umoles; Tris buffer 0-1 M, pH 8-4; enzyme 1-4 10-° 
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DISCUSSION 


[he simplest interpretation of the kinetic data is that FOAA inhibits malic de- 


hydrogenase by combining with the enzyme at the site of OAA. The introduction of 


the fluorine atom into OAA increases its acid strength* and markedly reduces enoliza- 
tion, as shown by UV and IR spectra. These two effects may well contribute to the 
inhibitory action of FOAA. Since an increase in FOAA concentration results in 
progressive increase in inhibition at fixed levels of substrate, this inhibition appears 
to be of the fully competitive type (Dixon and Webb)." 

It is interesting that Aj values for OAA, mesotartrate and dioxosuccinate are of 
the same order of magnitude (between 2 to 3 10~°). This fact supports the view pro- 
posed by Davies and Kun® that malic dehydrogenase reacts with all these substrates. 
It is predictable from the lower K; value for L(-— ) malate (7-4 10-*) that the reaction 
from malate to OAA Is inhibited by FOAA to a greater extent than the reverse. It is 
to be expected that in a multienzyme system in which malate is formed. FOAA would 
cause the channeling of malate metabolism in directions other than oxidation to OAA. 
FOAA is a slowly reacting substrate for malic dehydrogenase. The product, fluoro- 
malate, was shown by Krebs and Davies" and by Gal! to inhibit the malic enzyme 

From the inhibitory properties of FOAA it appears likely that pharmacological 
effects of this ¢ mpound would not show up in the form of acute Loxicily since an 
alteration rather than inhibition of the tricarboxylic acid cycle is the result Investiga- 
tions dealing with the metabolic effects of chronic FOAA feeding as well as reactions 
of FOAA with other enzymes are in progress 


* OAA pk,’ = 2-7 FOAA pk,’ 
pk, pk,’ 
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Abstract—The action of the nitrogen mustard di-(2-chloroethyl) methylamine hydro- 
chloride (HN2) on the in vitro incorporation of labelled amino acids into the proteins 
of rat liver slices has been compared with its action on other biosynthetic processes in 
the liver. Uptake of '*C-glycine was found to be less sensitive HN? than was incor- 
poration of “P into ribonucleic acid. Liver slices were treated with different concentra- 
tions of HN2 and nuclear and cytoplasmic fractions isolated separately after incuba- 


INTRODUCTION 

CRATHORN AND HuNTeR!:? have described the action of a number of nitrogen mustards 
on amino acid incorporation into the proteins of Staphylococcus aureus. They found 
that, in general, the compounds that caused the greatest reduction in amino acid 
incorporation were also those most effective in inhibiting growth of the Walker 
carcinoma in rats. They suggest accordingly that, if the processes of protein synthesis 
follow similar pathways in all living cells, then the primary inhibitory action of nitro- 
gen mustards is to produce a block at some stage in protein synthesis. 

The extensive use of nitrogen mustards in the experimental chemotherapy of 
cancer makes it a matter of some importance to know whether, in the case of mamma- 
lian cells, inhibition of protein synthesis is the most important effect of mustards on 
cellular metabolism. We have therefore carried out some experiments to study the 
action of the nitrogen mustard di(2-chloroethyl)methylamine hydrochloride (HN2) 
on the in vitro incorporation of labelled amino acids into the proteins of rat liver 


slices and have compared these results with the action of HN2 


under the same condi- 
tions of incubation on the metabolism of RNA. Although amino acid uptake by the 
tissue proteins and “*P uptake by the RNA of the slice were both inhibited, it 
was concluded that the action of HN2 was not primarily on protein synthesis but 
was more a general inhibition of biosynthetic reactions. This conclusion was sup- 
ported by the observation that synthesis of p-amino hippuric acid by liver slices 
was inhibited by HN2 at concentrations similar to those affecting amino acid 
incorporation. 

Some of our findings have been briefly reported in a preliminary communication.* 
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EXPERIMENTAI 
The action of nitrogen mustard on “C-glycine uptake by protein and ™P uptake by 
RNA 

lissue slices were prepared with a tissue chopper* from the pooled livers of several 
adult male albino rats and 400 mg samples were suspended in 4 ml Krebs-Ringer 
bicarbonate solution® in 25 ml conical flasks under aseptic conditions. Amino acid 
incorporation into the proteins of the slices was studied by adding | p»c “C-2-glycine 
to some of the flasks and RNA synthesis was investigated by addition of 25 uc °2P- 
orthophosphate to other flasks. Different concentrations of the nitrogen mustard di- 
ylamine hydrochloride (HN2) (Boots Pure Drug Co. Ltd.) were 

prepared reb nger bicarbonate buffer and allowed to stand for 15 min at 
room temperature in order to allow cyclization of the mustard to its biologically 
active e being added to the incubation flasks.* After gassing with 95 per 


cent O,-5 per ce ),, the flasks were shaken at 120 oscillations/min in a water-bath 
27 


I 


inated by adding 0-5 vol. 30 per cent (w/v) trichloroacetic acid 


\fter separating the precipitate centrifugally, it was washed 


0 per cent TCA followed by lipid extraction’ and allowed to dry in 
‘C-glycine uptake, the dry powder was suspended in 5 per cent 
ted for 15 min at 90° in order to extract nucleic acids.* The protein 
entrifuging, followed by dehydration in absolute ethanol 
d was allowed to dry off in air. The dry powder was counted on 
planchets at infinite thickness using an end-window Geiger-Miiller 

expressed in counts/min per planchet 
P uptake by RNA, the dry, pid-extracted powder was digested with 
at 37°, the protein and deoxyribonucleic acid precipitated by 
est, and the ribonucleotides separated individually by iono- 
of Davidson and Smellie’). The specific activity of each of the 
obtained by measuring the radioactivity in a liquid 
counter’® and relat (to the amount of phosphorus present.'' The data are expressed 


in counts/min pe ) «g phosphorus, and are the average figures obtained for the four 


ue was inactivated with TCA at the start of incuba- 
isotopes, and these zero time controls were sub- 


nustard on uplaKke of -olycine hy 


roteins of ra 


ate in the presence of | yc glycine and various concen- 

the conditions described above. At the end of incubation, the 

nd the tissue was separated into nuclear and cytoplasmic fractions 

ocedure of Smellie, Humphrey, Kay and Davidson.” The nuclear 

fraction was washed with 0-01 M citric acid as described by these authors, the washing 
being utrolicad By microscopic examination. The nuclear fraction was treated with 
10 per cent (w ICA and 0-5 vol. 30 per cent (w/v) TCA was added to the cyto- 


plasmic fraction. The nuclear and cytoplasmic precipitates were then washed with 10 
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per cent (w/v) TCA, lipid-extracted,’ and dried in air. Radioactivity was measured at 

infinite thickness on an 0-3 cm® polythene planchet, using an end-window counter. 

Comparison of the action of nitrogen mustard on *%¢ -phen) lalanine uptake and p- 
aminohippuric acid synthesi 


In these experiments, liver slices were used in the proportion of 100 mg wet weight 


to 4 ml Krebs-Ringer bicarbonate medium containing 0-01 M glycine and 0-001 M 


p-aminobenzoic acid.’ Owing t > presence of non-radioactive 
medium, '*C-glycine could not be used to measure amino acid incorpot 


its place l uc C1 -pheny lalanine (generally labelled) was added to each 


ent concentrations of HN2 were pr pared and added as before. The reac 
minated by addition of TCA to give a final concentration of 0-16 M.'* The 


was spun down and the amount of p-aminohippuric acid formed was estimated on the 


supernatant fluid by the method of Cohen and McGilvery.'*® The precipitate was twice 
washed with 5 per cent (w/v) TCA and was then subjected to lipid extraction.’ After 
drying in air, the radioactivity of the powder was assayed at infinite thickness on an 


0-3 cm*® polythene planchet using an end-window counter 


RESULTS 
The action of nitrog fare 4C-¢/ycine uptake by protein and *P uptake hy 
rIDONUCK 
Ihe action of high concentrations of the nitrogen mustard on the characteristics 
of incorporation of '*C-glycine into the protein and **P into the RNA of liver slices is 


shown in Fig. |. Although 10-°M concentration markedly inhibited uptake of both 


ces. Da 
specimens 


sotopes, in neither case was incorporation completely eliminated. After 1 hr of 
incubation in the presence of mustard, an appreciable uptake of “C-glycine and a 
small uptake of *P were observed. On the other hand, more prolonged incubation 
did not produce any further increase in incorporation. The most likely explanation 
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of the initial incorporation is that it occurs before the nitrogen mustard has fully 
penetrated the liver cells. Consequently, the full inhibitory action of 10-°M HN2 is 
represented by the subsequent period without incorporation. In order to compare the 
inhibitory actions of different concentrations of HN2. it is thus necessary to measure 
isotope uptake after enough time has elapsed for the action of the mustard to become 
fully developed. This has been done in the case of the data shown in |] ig. 2. Incor- 


poration of “C-glycine and of *P into RNA were measured after | hr and after 3 hr 


0 


The pre ( wperime nothing unique about the 


HN2 on ami cid incorporation by the mixed proteins of the liver cell. In fact. the 


system is somewhat less sensitive to HN2 than is the mechanism by which “P is 
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incorporated into RNA. This does not exclude the possibility that the synthesis of one 
particular protein fraction may be critically affected by low concentrations of HN2. 


he most likely site of such an action is the nucleus, since there is considerable ev idence 


in the literature to suggest that the process of nuclear division is specifically affected 


by mustards."* We therefore compared the uptake of “C-glycine by the proteins of 


the nuclei and of the cytoplasm of liver cells follow ing exposure to different concentra- 
tions of HN2. Slices of liver were incubated with 6-25 10-° M HN2 and 5 10-*M 


HN2, these concentrations being chosen in the light of our previous experiments (Fig. 


2) to provide respectively slight and nearly complete inhibition of amino acid uptake 


“ by the mixed proteins ol the cell. At the end of incubation. nuclear and cytoplasmic 
4 iractions were isolated from the slices and their proteins assayed for radioactivity. 

4 fable | shows that amino acid uptake by the nucleat proteins was not more sensitive 


to HN2 than was uptake by the cytoplasmic proteins 


TABLE |. EFFECT OF NITROGEN MUSTARD ON UPTAKI OF C-GLYCINE BY NUCLEAR AND 


CYTOPLASMIC PROTEINS* OF RAT LIVER SLICES 


uptake and on 


HN2 on amino acid incorporation by liver 


tice proteins is part of a general inhibitory action on synthetic processes. we compared 
I 


it with the effect of this mustard on p-aminohippuric acid (PAH) synthesis by the liver 


Fig. 3 shows that the action of 5 10 -*M HN2 on "C-phe 


vialanine uptake and on 


Fic. 3. Effect of § 10~* M HN2 on synthesis of p-aminohippuric acid (left-hand graph) and 


'C-phenylalanine incorporation (right-han¢ graph) by rat liver slices. Data are the mean results 


obtained in three experiments. Control specimens @: treated specimens 
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PAH synthesis in the same liver slice preparations. In agreement with McKinney", 


HN2 causes inhibition of PAH formation, the pattern of response of this system and 
ncorporation being simi t noted in our earlier studies 
synthesis follow ed by com- 


refore assessed the 


ubation 


ne mcor- 
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direct 

mn differ. The data recorded 

ind PAH synthesis to the 
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DISCUSSION 
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mustards is correct, it might be anticipated that amino acid incorporation by mam- 
malian tissues would be particularly sensitive to these inhibitors. However, our studies 
of the action of a nitrogen mustard, HN2, on liver cells reveal that amino acid in- 
corporation is unaffected by concentrations of the inhibitor which greatly reduce 
*P uptake by the RNA of the same tissue (Fig. 2). The greater sensitivity of nucleic 
acids towards HN2 has also been noted by other workers. LePage and Greenlees'® 
incubated ascites tumour cells with HN2 and observed inhibition of “C-2-glycine 
uptake by the purine bases of the nucleic acids without appreciable diminution in its 
incorporation into protein. Using rats pretreated with HN2, Heidelberger and Keller!’ 
studied uptake of 'C-formate into the purine bases and 'C-alanine into the proteins 
of the Flexner-Jobling carcinoma and of the spleen. Although their data show a 
greater effect of HN2 on “C-incorporation into the purine bases, parallel studies with 
*P uptake into nucleic acids failed to show any inhibitory effect. Their experimenta 
conditions differ appreciably from those of LePage and Greenlees and also fiom our 
own. 

The published literature contains further evidence that systems other than protein 
synthesis are the first to be affected by mustards. Application of threshold concentra- 
tions of HN2 to corneal epithelium causes cessation of mitosis without appreciable 
diminution in growth of cell volume.'* A similar observation has been made with 
salamander embryos exposed to mustard.'* This suggests that protein synthesis can 
continue in the presence of concentrations of mustard sufficient to inhibit nuclear 
division. Similarly, in a study of the action of mustards on bacterial growth, the forma- 
tion of protein was shown to be unaffected by concentrations of the inhibitor which 
interfered with DNA synthesis.*° 

Other evidence points to a specific action of mustards on nuclear metabolic pro- 
cesses. Concentrations of sulphur or nitrogen mustards sufficient to cause cessation of 
DNA synthesis have been shown to produce little or no action on the synthesis of 
RNA by bacteria *! salamander embryos,'* the small intenstine of the rat,** on 
several of the tissues of rabbits treated in vivo with mustard,” ** and on cells grown in 
tissue culture.** On the other hand, a number of workers" ** have failed to demon- 
strate a specific effect of mustards on DNA synthesis by tumour cells. Our own 
examination of the sensitivity of the nuclear proteins of liver cells in comparison with 
the cytoplasmic proteins shows that they do not differ in their response to HN2 
(Table 1). Although this does not exclude the possibility that some subfraction of the 
mixed nuclear proteins is more sensitive to HN2, it does suggest that no major fraction 
is primarily affected by the mustard 

All the evidence discussed above conflicts with the view that the primary action of 
mustards is on the mechanism of protein synthesis. The inhibition of amino acid up- 
take by HN2 would therefore seem to represent one aspect of a more general inhibitory 
action. Comparison of the reaction of amino acid incorporation and of p-aminohip- 
puric acid (PAH) synthesis in liver slices towards HN2 has demonstrated that both 
biosynthetic systems are affected to the same extent (Fig. 4). There is good reason to 
believe that the peptide bonds of proteins® and of PAH” are formed at different sites 


in the cell, and it has been demonstrated that thyroxine affects the two systems differ- 


ently.27 Thus our observation that both processes respond similarly towards HN2 


implies that its action at these concentrations involves general inhibition of synthetic 


processes, rather than a specific action on protein synthesis. 
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UBER EINE NEUE ADRENALINCARBONSAI RE UND 
EINIGE IHRER DERIVATI 


G. HERTTING H. D. Moep und J. VAN DUK 


Abstract 


I 
discus 
Seit der Entdeckung der “Dioxyphenylalanin-Decarboxylase” durch P. Holtz et 
wurde jenen Aminosduren, welche durch Abtrennung der Carboxylg: uppe zu Adrena- 
lin und Noradrenalin hitten fiihren kénnen. erhebliches Interesse entgegengebracht. 
Vor allem die Threo-Form des 3 : 4-] woxyphenylserins (DOPS) kann durch Extrakte 
aus den Nieren und Nebennieren mancher Tiere wie auch aus sympathischen Nerven 
zu 1-Noradrenalin umgewandelt werden.2: Die enzymatische Decarboxylierung der 
von Bolhofer' hergestellten Serine (p,L-erythro und threo DOPS; D,L-erythro und 
threo m-Oxyphenylserin: p.L-threo-p-( Xxyphenylserin) ist im Vergleich mit DOPA 
von einer Gruppe amerikanischer Forscher unter det Leitung von Drell ebenfalls 
untersucht worden.’ Die Decarboxylierung besonders der TI reo-Form geht jedoch 
weit langsamer vor sich als die der als Vorstufe fiir 1-Noradrenalin nicht in Betracht 
kommenden Erythro-Form und die von DOPA. Auch ist die Frage erértert worden, 


ob die beiden Decarboxylasen fiir DOPA und DOPS identisch sind, was Werle er al.* 


ablehnen, wihrend Holtz er q@/? es fur wahrscheinlich | 


alten 

Friihzeitig hatte Blaschko® gefunden. daB Methyl-DOPA nicht decarboxyliert 
wird. Dies gilt auch fiir die von Dalgiesh und Mann!® synthetisierte, am Stickstoff 
methylierte Aminosiure, aus der Adrenalin entstehen miiBte (Methyl-DOPS)." Es 
scheint demnach, daB am Stickstoff substituierte Adrenalincarbonsduren nicht durch 
die Aminosiiure-Decarboxylase angegriffen werden 

Dennoch schien es uns interessant, die Eigenschaften eine neuen Adrenalincarbon- 
Sdure zu untersuchen, deren Synthese der eine von uns (Briicke) angeregt hatte. Es 
handelt sich um ein substituiertes Glycin, namlich N- 2-(3:4-Dihydroxyphenyl)-2- 
hydroxyiithy!|glycin (DOPOG). Der chemische Teil iiber die Synthese des Stoffes und 
einiger Analoger, welche im Zentrallaboratorium der P! ilips-Roxane in Weesp 


(Holland) durchgefiihrt wurde, ist in diese Arbeit eingeschlossen 
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Besonders bernerkenwerts erschien es uns, daB offenbar Ester der hier in Frage 


kommenden Aminosiuren bisher nicht untersucht worden sind. 


MI 


THODIK 


Be ihune ler S fnesen 
N-| 2-(3:4-Dihya henyl)-2-hydroxydathyl|glycin (DOPOG). Man kocht eine 
Lisung (10°,,) von Cck 254* 2 Stunden lang in 2 N Schwefelsidure und neutralisiert 


bis zu pH 3,5. Die abgeschiedenen Kristalle der Ketosiiure werden abgesaugt und 


getrocknet. Ausbeute 60°, der Theorie. Schmelzpunkt 270° (u.Z.) Hierauf suspendiert 


man 1,37 g der Ketosiiure und 50 ml Wasser und hydriert mit Palladium—Tierkohle 


Katalysator. Man filtriert den Katalysator ab, engt die I Osung ein in N, Atmosphiire 


und isoliert 0.9 g DOPOG, einer weiBen Substanz., welche bei Zimmertemperatur 
bis zu 0,5°,, in Wasser léslich ist. Schmelzpunkt 220-225° (u.Z.). U.V -Spektrum siehe 
Abb. | 

Die Ester de DOPOG. Die Darstellung der Ester Cc 254, 255, 256, 259, 260, 


Cek 254, 255 und 256 wird durch die unterstehenden Gleichungen ausgedriickt: 


2 H,N—(CH, COOR 


Benzo! 


C,H,—CH,—O HBr . H,N—(CH,),—COOR 


HC] 


Hydrochlorid 


2H,, Pd C, R 


NH 


(CH,),—-COOR . HC! (Cok 254, 255 und 256) 


H., Pd C oder Pt, R—OH 


HOH 


CH NH-ACH,) COOR . HC! (Ce 254-260) 


1 (R CH C,H, und —CH(CH,),): 2und3(R C,H.) 
Die Ester schmelzen unter Zersetzung oderzersetzen sich bevor sie schmelzen. } ur 
Priifung auf Reinheit sind die U.V. Spektra sehr geeignet. Die Spektra der Diphenole 


zeigen das charakteristische Bild der Adrenalinderivate.'* In wiissriger Lésung werden 


die Ester ziemlich rascl hydrolysiert 
Als Beispiel beschreiben wir die Darstellung von Cc 254 und Cck 254: Eine Lésung 


von 16,8 g (0,041 Mol) 2-Brom-3’ :4’-dibenzyloxy-acetophenon in 100 cm* Benzol wird 


*S. G. Abb. 2 
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gemischt mit 7,6 g (0,083 Mol) Glycinmethylester. Man lasst die Lésung 30 
min bei Zimmertemperatur stehen. Hierauf filtriert man die abgeschiedenen 
Kristalle Glycinmethylester Hydrobromid ab, wiischt sie mit 50 cm* Benzol nach und 
versetzt das Filtrat mit 30 cm® 1,45 N alkoholischer Salzséure. Das abgeschiedene 
Hydrochlorid von wird 
abgesaugt und eine weitere Menge des rohen Salzes nach dem Abdampfen des Alko- 


hols aus der Mutterlauge isoliert. Die Mischung beider Kristallisate wird aus 130 cm* 
absolutem Methylalkohol umkristallisiert. Nach mehrstiindigem Stehen in der KAlte 


Ans. |. Spektra, 


filtriert man die Kristalle ab, engt die Mutterlauge noch weiter ein, filtriert nach 
laingerem Stehen auch die zweite Kristallisation ab und trocknet die reine Substanz 
zuerst an der Luft und dann im Exsiccator iiber konz. Schwefelsdure. Schmelzpunkt 
154—-157° (u.Z.). Ausbeute etwa 7,3 g oder 39°, der Theorie. 

Man list diese Substanz (7,0 g, 0,0154 Mol) in 200 cm*® Methylalkohol, suspendiert 
0,7 g 10°, Palladium-Tier kohlein die Lésung und schiittelt die Mischung unter 
geringem Uberdruck und bei einer Temperatur von etwa 40° mit Wasserstoff. Nach- 
dem die notwendige Menge Wasserstoff aufgenommen ist, wird der Katalysator ab- 
filtriert und der Methylalkohol verdampft. Man riihrt den Riickstand mit 20 cm* 
Azeton, versetzt die Suspension mit 20 cm* Ather und filtriert nach 24 Stunden Stehen 
in der Kite die abgeschiedenen Kristalle ab. Die Ausbeute betragt 3,9 g (92°,) 
Hydrochlorid des N-{2-(3:4-Dihydroxyphenyl)-2-oxoathyl|glycinmethylesters (Cck 
254). Die Substanz schmilzt unter Zersetzung bei etwa 210—211°C. 

Man lést 2,0 g (0,0073 Mol) dieses Hydrochlorids in 80 cm*® Methanol und hydriert 
mit 1,5 g Palladium—Tierkohle. Nachdem die berechnete Menge Wasserstoff auf- 
genommen ist, wird der Katalysator abgesaugt, der grésste Teil des Lésungsmittels 
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1 
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hinterbleibende Rest mit 4 cm*® Azeton gemisch 


verdamptt und der 
t. Man i pit und 
wartel wv rend 24 Stunden. Hierauf wird da Dgeschiedene 
ad das adgeschiedene Hydrochlorid des N- 
i) Li give lesters (Cx $4) scharf bh. 
a4 
i 
\ R Sied 
= it folgende W 
CH 
“2 CH,CIOH Pi, 
( 
CH 
) < 
‘ 
\ t 6.8 (0.040 Mol 
Mt. Nach und nach lést si ler Aminoal! \ 
Ger Amunoalikohol. Nachdem 


ve Wasserstoff aufgenommen | augt man den Katalysator 
bis d is Gewic! 


Miscl 


COOC,H.. H« 


Nacl 
propen (Schn 47-1 largestellt und mit LiAIH, 


Man erhilt dant ‘thyl-2 ‘nzyloxyphenyl) 


punkt 103 
Mol) Bro 


Saugl di 


chlorid de 


eine 


ane 
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hylamin > ( ; Schmelz- 


(0.022 Mol) dieses is und 1,67 g (0,010 
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engt die Lésung en und 
lést den Riickstand in einer Hiifhung von 20 cm* Azeton und 2 cm’ Essigsdure 
; Hierauf versetzt man die Lésung nach und h mit 70 cm* trockenem At! moft. 
: und nachdem die Krist sation begonnen hat erset m ufs Neue mit cm 4 
: dieses | ingsmittels. Nach 6 Stunden Stehen in der Kalte (| die Kris- : 
talle. v einer Misc VO! U cm ind iv cm \ ( ind 
trock! n \ siccal \ ) » des / ts des 
2-45 24-1 xypne aro DI ure ; < scl |7- 
punkt 114 17 | \ Spe tru A hh Finer n det Mut ann 4 
aie \ ) mit IW r(15 wi ra n D Subdstal I . h 
em Cx er Raz te. Dure ial tallisiere ne 
Schmelzpun} 126 Dieses A t ist mOgliche se sch 1 einem det 
ZWel R te 
Die Substanz ¢ ry} wurde nac ndere! M thode dargestellt 
Vie CH 
1 
C,H,CH,—O CH,—CH—NH—CH,—COOC,H \ HB 
(hi 
HCI, H, | Pd C Athanol 
HO CH,—CH—NH—CH,_ | (Cpb 255) 
i 
1-(4-Benzyloxypheny])-2-nitro- 
: 
n Tetrahydrofuran reduziert 
° 2 
04°. Eine Lésung von 5,30 ¢ 
essigesters in 10 cm’ Athanol hait man Minuten lang aul etwa 30°. 
abgeschiedene Hydrobromid des Ausgangs ins ab, versetzt das Filtrat 
mit 5 cm® 4 N Salzsdure und kiihlt auf 0°. Nach einer Stunde filtriert man das Hydro- 
2-(4-Benzyloxyphenyl)-l-methylath lycinathylesters ab, gewinnt 
qm zweite Portion durch Einengen der Mutterlauge und trocknet. Ausbeute 2,74 g 
(75°,.): Schmelzpunkt 145-146 
: Man unterwirft eine Lésung von 1.1 g (0.003 Mol) dieses Salzes in 50 cm*® Athanol ae 
Gum ytischen Hydrierung, ert nac \bspa der Be ppe, ver- 
; Lésungsmittel und verdiinnt den Riickstand mit 5 cm?’ At 1 und 30 ; 
Das Hydrochlor d des (¢ pb 255 wird abgesaugt, mit Ather gewaschen und 
t. Ausbeute 0.4 g (50°,). Schmeizpunkt | 158°. U.V. Spektrum siehe 
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TABELLE |. SCHMELZPUNKTE UND ANALYSEN DER DOPOG UNp Ester 


Cc. 
(DOPOG 


Cx 4 


S 


D f irde Isg t unter Leitung des Herrn W. Hazenberg 


Dieser Est lurch d i ne ing des 
enien 


cll eneen 
Biologis. he Ver 

Zunachst wurden an Spinalkatzen nach Dale" Blutdruckversuche mit DOPOG 
durchgefiihrt, wobei eine Nickhaut chronisch denerviert war. Die Kontraktionen 
beider Nickhdute wurden registriert. Substanzen mit blutdrucksenkender Wirkung 
wurden an vagotomierten Katzen in Chloralosenarkose (0.08 ¢/ke) untersucht 

Broncholytische Wirkungen wurden am durch Acetyicholin hervorgerufenen 
Bronchospasmus bei 700 bis 800 g schweren miinnlichen Meerschweinchen in eines 
Modifikation der Methode von Konzett und Résslet ausgewertet. Als Vergleichs- 
substanz diente Propylnoradrenalinsulfat 

Herzfrequenzsteigerungen wurden an zwei 10 kg schweren. wachen Hunden dadurch 
verfolgt, da die R-Zacke des EKG’s verstirkt und mit einem Ordinatenschreiber 
(Totalisator) iber die ganze Wirkungsdauer registriert wurde Die Steigerungen det 
Herzfrequenz durch verschiedene Dosen wurden in Prozenten der Ausgangswerte 
berechnet, kurvenmaBig aufgetragen, durch Auswigen planimetriert und die relative 
Wirksamkeit gegeniiber isoPropylnoradrenalinsulfat berechnet 

Um uns dari zu orientieren, ob die biologische Aktivitét von DOPOG auf 
Verunreinigur nit Adrenalin aus dem Synthesevorgang oder aus der Instabilitit 
der Substanzen in wissriger Lésung beruhen kénne, haben wir einige papierchromato- 
graphische Auftrennungen versucht. Zur Trennung des DOPOG von Adrenalin 


wurde Eisessig, Pyridin und Wasser (35° verwendet: die lrennung gelang 


‘eee 
Analysen 
( (My ) ( H N ( 
go 
( ( j NO 
52.4 6 92 1> 4% 
Cck J54 y ( H,.NO. H¢ 
Cck 1-175 C,2H,,NO,.H¢ 
Cok 256 201-202 C,,H,-NO..H¢ 
903,75 
Cpd 255 C,;H,,NO,.H¢ 
4 1905 
* Nicht korrigie 
= 
Ore im 
a 
4 
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jedoch nur unvollstindig. Das Filterpapier (Whatman 1) wurde mit 0,01 N HCl ge- 
waschen, nach Trocknung mit einer Lésung von 50 mg Ascorbinsdure/ 100 ml Wasser 
bespriiht und wieder getrocknet. Die Wanderung erfolgte in CO, Atmosphare Mit 
DOPOG lieBen wir gleichzeitig 1-Adrenalin mitwandern, entwickelten diesen Streifen 
mit 0,44 °,,igem Kaliumferricyanid (pH 7,8) und schnitten in der entsprechenden 
Hohe den Streifen bei der Versuchssubstanz aus. Nach Entfernung der Lésungsmittel 
wurden die Streifen erschépfend eluiert (Elutionsfliissigkeit 0.4 NaH,PO, 
mg”, Ascorbinsiure), im Vakuum eingeengt und sowohl biologisch an sensibilisierten 
Ratten als auch fluorometrisch nach Euler™ getestet. 

Die hiezu verwendeten Ratten wurden mit 1,2 g/kg Athylurethan intraperitoneal 
narkotisiert (Druckregistrierung aus der Carotis mit entsprechend dimensioniertem 
Hg-Manometer; Injektionen in die Vena femoralis). Nach dem Vorgehen von Vogt’ 
wurden einige Tiere mit 2 mg/kg Atropinsulfat und 16 mg/kg Hexamethoniume! lorid 
intravends vorbehandelt, wodurch ihre Empfindlichkeit gegen Adrenalin auf etwa 
das Zehnfache steigt. Ein Nachteil dieser Methode besteht nur darin, dafs die Emp- 
findlichkeit mit dem Wiederansteig des Blutdrucks nach etwa einer halben Stunde 
wieder abnimmt. Besser war es den Tieren 5 Stunden vor Versuchsbeginn 5 mg/kg 
Reserpin i.p. verabreichen, wodurch eine dhnliche Sensibilisierung liber einen langeren 
Zeitraum erreicht wird und das Blutdruckniveau konstant bleibt. Das Injektions- 
volumen betrug stets 0,5 ml 

Zur Bestimmung der Decarboxylierung im Warburgapparat w urde als Fermentan- 
satz ein Extrakt aus Meerschweinchennierenhomogenat in 0,067 N Soerensenphos- 
phatpuffer 1:3 bei pH 7,4 verwendet. Es wurde bei 37° in N, Atmosphare gearbeitet 
Am Ende des Versuches wurde 0,2 ml 10°,ige H,SO, zur Freisetzung des gelésten 
CO, eingekippt. Die Inkubationsdauer betrug 4 Stunden 


ERGEBNISSE 

Am Blutdruck der Spinalkatze wirkte DOPOG rein pressorisch, wobei etwa 5 mg 
der Wirkung von | »g Noradrenalin bzw. 1,5 «g Adrenalin entsprach. Da wir wenig 
Substanz zur Verfiigung hatten konnten wir nur solche Dosen geben, welche aus- 
schlieBlich die denervierte Nickhaut beeinflussten. Die Dauer der Wirkung war in 
allen Fallen sowohl am Blutdruck wie auch an der Nickhaut bei gleicher Blutdruck- 
wirkung gleich lang wie die von Adrenalin 

Wurden Katzen mit Hydergin (4 mg) bzw. Dibenamin (15 mg/kg) vorbehandelt, 
dann kam es bei DOPOG und Adrenalin zu einer Wirkungsumkehr. Aut Grund dieser 
Versuche nehmen wir an, dab die biologische Wirksamkeit der Aminosaure 1m wesent- 


lichen von Verunreinigungen mit Adrenalin herrihrt 


Papierchromatographisch gelang die Trennung des Adrenalins von DOPOG nut 


unvollstandig. Die Substanz selbst zeigt eine sehr starke Eigenfluoreszenz. Bei der 
biologischen Austestung steigerten sowohl die Eluate aus den Streifen der Adrenalin- 
hdhe als auch der Aminosdurebasis den Blutdruck. 

Bei den Warburgversuchen gelang es nicht wihrend einer Inkubationsdauer von 4 
Stunden eine Decarboxylierung von DOPOG nachzuweisen 

Wiihrend wie oben ausgefiihrt wurde, DOPOG am Katzenblutdruck eine sehr geringe 
steigernde Wirkung hatte, die durch Adrenolytica umgekehrt werden konnte, waren 


die untersuchten Ester hochwirksame blutdrucksenkende Stoffe. 
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die esterbildende Gruppe veriindert. oder die Linge der 


N-Atom und der Carboxylgruppe, wobei auch eine Ver- 


Seitenkett nt icht wurde (Cc-De 


= 
ie 
Te 
| 
K -Verbindungen diese Adrenalinderivate untersucht = 
CcK-D wurde der aron ‘ 
— ir Seitenkette eingeluhrt wurde 
\uswert von Dlutdrucksenkender. herzfre- 
n7zst ron d tat r Wirl ar ler Tabell 
is mit der Wirku Propylnoradrena- 
ve ‘ ACIL VON 
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TABELLE 2.—Continued 


Bre h 
Akt 


0.000! 


0.000! 


4).000 4 


Die Verbindung, welche vor der Carboxylgruppe eine Athylgruppe enthilt (Cc 259) 


ist etwa ein Drittel so wirksam als Cc 258. Am unwirksamsten sind sowohl am Blut- 


druck als auch am Bronchospasmus die Ketoderivate, wobei stets der 


am schwichsten, der Athylester am stirksten wirkt 


Der Athylester der p-Oxyephedrincarbonsiure (Caa 255) hatte am Bronchus bis 


200 »g keine Wirkung und 5 mg/kg der Substanz senkten den Blutdruck kurzdauernd, 
wie etwa | «g/kg isoPropylnoradrenalinsulfat. Noch unwirksamer war die Substanz 
Cpb 255 an beiden Testobjekten. 


DISKUSSION 

Die Tatsache, dab die zu Adrenalin gehérige Carbonsiure pharmakologisch un- 
wirksam ist scheint an sich nicht bemerkenswert, da dies ja fiir alle Aminosduren 
zutrifft, wahrend die dazugehérigen Amine héchst wirksam sind. Dies hangt offenbatr 
mit dem sauren Charakter jener Gruppe des Rezeptors zusammen, welche mit det 
Aminogruppe in Verbindung tritt. DOPOG hat allerdings insoferne einen verschie- 
denen Aufbau, als hier die aliphatische Kette, welche die COOH-Gruppe trigt, 
direkt am Stickstoff sitzt. Es handelt sich demnach um ein substituiertes Glycin bzw. 
Sarkosin. Tatsichlich finden wir, daB diese Verbindung nicht enzymatisch zum 
primaéren Amin oder zu Adrenalin decarboxyliert wird, was iibrigens auch fiir Methyl- 
DOPS gilt." 
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Unser auffallendster Befund ist jedoch, daB aliphatische Ester von DOPOG starke 
und zwar dem isoPropylnoradrenalin ahnliche Wirkungen haben. Es ist merkwirdig, 
dal} offenbar ihnliche Ester von DOPS und Methyl-DOPS, die allerdings die Substitu- 
tion mit der Dioxyphenyl-Oxyathylgruppe nicht am Stickstoff, sondern am C-Atom 
tragen wurden, bisher nicht bekannt worden sind: es wiire vielleicht lohnend auch 
diese zu unter: en. 

Beriicksichtigt man bei den uns vorliegenden Estern die Substitution am Stick- 
stoffatom und beachtet zunichst nur die Anzahl und Anordung der C-Atome vor det 
COOH-Gruppe, dann ergeben sich gewisse Parallelen zu den Befunden von Konzett!® 
an entsprechend substituiertem Noradrenalin. Dieser Autor fand nimlich. daB die 
stiirkste bron sche Wirkung dem isoPropylnoradrenalin zukommt und auch 
unsere wirksamste Substanz (Cc 258) trigt vor der COOH-( sruppe einen isoPropylrest 
am Stickstoff. Unsere Substanzen Cc 259 und Cc 260 lassen sich ebenfalls in dieses 
Schema einfiigen. Liegt jedoch nur eine Methylgruppe zwischen dem Stickstoff und 
der Carboxylgruppe wie bei unseren Substanzen Cc 254, Cc 255 und Cc 256. dann ist 


die broncholytische Wirkung erheblich schwiicher. Einen gewissen Einfluss scheint 


jedoch au lie Estergruppe zu haben, nachdem der Athylester (Cc 255) wirksamer 


ist als der iso lester (Ce 256) und erheblich wirksamer als der Methylester Cc 254, 

Die Einfii ¢ einer Ketogruppe statt der Hydroxylgruppe in der Seitenkette 
Olytische Wirkung sehr erheblich ab, der EinfluB der | stergruppe 
itlich (CcK-Reithe) 


erivate des p-Oxyephedrins waren praktisch unwirksam (Caa und 


den eben geschilderten strukturellen Einfliissen der Seitenkette 
chten Ester im wesentlichen die charakteristischen Wirkungen 


enalin, d.h. hemmende Wirkungen auf glatte Muskelfasern der 


GefiBe und rol *n und als erregende Wirkung Tachycardie. Auch in dieser 
Reihe, wic ruher untersuchten ’ ging die tachycarde Wirkung stets parallel mit 

der broncholyt en und blutdrucksenkenden 
Man hat ¢ theh den Unterschied in den Wirkungen von Noradrenalin und 
oPropylinor n (als ty i¢ Vertreter zweier Gruppen von Sympathicomi- 
vandensein von zwei verschiedenen Rezeptoren zuriickgefiihrt, 


\lpha” fiir den Noradrenalintyp und “Beta” fiir den isoPropyl- 


uchen miissen wir annehmen, daB gleichgiiltig wie das iibrige 

baut ist, die Hauptbindung und zwar wohl eine hetet ypolare Bindung mit 

einer sauren G pe des Rezeptors an der basischen Aminogruppe _ stattfindet 
Barger und D und auch Blaschko™ haben daneben auf die Wichtigkeit der 
Bindung der Brenzkatechingruppe hingewiesen, jedoch genugt diese allein nicht dazu, 
um eine wirksame Verbindung mit dem Rezeptor herzustellen, wenn in der Nihe der 
Aminogruppe cine freie Carboxylgruppe entweder am C-Atom, oder am Stickstoff 
eimgefuhrt wird. Die OH-Gruppe in der Seitenkette ist nach Blaschko™ ein dritter 
Verankerungspunkt, wecher nach seiner Auffassung vor allem die Intensitit der 
Wirkung beeinflusst. Dabei darf nicht vergessen werden, dab diese Gruppe auch die 
basische Eigenschaft der Aminogruppe beeinflusst: Wird sie durch eine CC )-Gruppe 
ersetzt, dann wird die Wirkung erheblich schwicher. Wenn nun jenseits der Amino- 
gruppe noch aliphatische—oder Aralkylgruppen eingefiihrt werden, dann bedeutet 
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Be 
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( pb »55 
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On 
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pee 
ar 


Uber eine neue Adrenalincarbonsaure und einige ihrer Derivate 


das eine zusidtzliche Besetzung der Rezeptoroberflache und schon die Einfiihrung 


einer Methylgruppe, wie im Adrenalin, anstelle der primairen Aminogruppe, fiihrt 


besonders an der Bronchialmuskulatur zu einer Wirkungsveranderung, welche sich 
dem isoPropylnoradrenalin nihert. Man sollte jedoch als Prototyp dieser Wirkung 
nicht das ijsoPropylnoradrenalin ansehen, weil wir in friiheren Untersuchungen'*~*° 
gezeigt haben, dal} es noch stirker broncholytische Stoffe gibt. Optimal scheint die 
Substitution mit einer isoPropylphenolgruppe am Stickstoff zu sein. 

Wird jedoch die primire Bindung durch eine am Stickstoff selbst befindliche oder in 
unmittelbarer Nachbarschaft stehende COOH-Gruppe verhindert, dann werden die 
Substanzen wirkungslos. Die Wirkung kann jedoch wieder eintreten, wenn durch 
Esterbildung die COOH-Gruppe neutralisiert ist 


Wir danken Herrn D1 rug fur wertvolle Ratschlage, Herrn H. Niewind und 
fur die Durchfihrung einiger Synthesen 
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depletion of adenosine triphosphate from the rat suprarenal medulia 
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control level as might have been expected. The fact that the catechol amines and ATP disappear in 
roughly the same proportions during reserpine treatment may point to a specific role for ATP in the 
storage or release of catechol amines. In a recent publication Schiimann'® has obtained similar 
results in the hen 
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La 8-azaguanine provoque-t-elle la formation de protéines anormales? 
( Re cee d 17 Sept mobe 1958) 


Dans des travauz récents,'> *» * nous avons montré que la 8-azaguanine dissocie la synthése des acides 
nucléiques de celle des proteines chez Bacillus cereus, d'une fagon qul rappelle a plusieurs points de 
vue les effets de la chloromyceétine sur Escherichia coli. Par exemple, lazaguanine, comme la chloro- 
mycétine, inhibe fortement la synthése des protéines sans entraver celle des parois cellulaires.'» 

Mandel* a observé de son cété que lincorporation des acides aminés contenant du soufre est 
inhibée tandis que celle de l'acide glutamique ne le serait pas. Ceci indiquerait que la composition des 
protéines formées en presence d’azaguanine est anormale 

Nous croyons que le choix de l'acide glutamique comme précurseur marqué dans de telles experiences 
est regrettable, car cet acide aminé s incorpore non seulement dans les protéines mais encore dans les 
parois cellulaires de B. cereus, dont la synthése n'est pas inhibée par l'azaguanine.'> * Il est certain que 
lincorporation d’acide glutamique observée par Mandel correspond pour une large part a la croissance 
des parots cellulaires 

Toutefois, des résultats d'une tout autre nature indiquent que la synthése résiduelle observée en 
présence d’azaguanine pourrait en effet correspondre a la formation de substances protéiques 
anormales. Nous avons signalé* que la synthése de pénicillinase, enzyme constitutif dans la souche 
utilisée, est plus fortement inhibee que incorporation de méthionine-*’S dans les proteines. En outre, 
si la synthése des protéines est inhibée par lazaguanine (40 ~g ml) chez B. cereus en croissance 
exponentielle et que de la guanosine soit ajoutée au sysitéme 60 min apres analogue, l incorporation 


de phénylalanine-"'C dans les protéines et la synthése de pénicillinase sont toutes deux rétablies, mais 


pas simultanément. II s’‘écoule 2 heures entre le moment ot l’incorporation de phenylalanine reprend 


et celui ot: la synthese de pénicillinase se réetablit (Fig. 1). 
A moins que la pénicillinase constitutive ne se comporte autrement que la plupart des protéines de la 
bactérie, tout permet de penser que lincorpoation de phénylalanine qui est rétbalie par la guanosine 


ne représente pas des le début la synthése de proteéines parfaites 
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Nous croyons que l’action de l'azaguanine s’exerce deux niveaux différents: inhibition générale 


qui se produit quelques minutes aprés l'addition de l'analogue serait due a des modifications de 


derivés guanyliques a métabolisme rapid*: tels que l'acide guanosinetriphosphorique, des oligo- 


nucleotides ou 


ne fraction particuliére de l'acide ribonucléique, tandis que leffet plus profond sur 


/ 


Fic. |. Restau par la guanosine de la synthése t | 


nase et de incorporation de phény!l- 


alanine apré azaguanine cere tan nase constitutive, dans un hydro- 
lysat de caseine nt de la phenvlalar ra \ Tween sO 
Temoin: 40 ue nine et 100 


LUANOSING 


MS precipite trichioracetique 


aM 

Essai: jaf suanine au temps zero, et 100 we guanosine au temps 60 min 

ns precipite trichlor toelique 

inase 
les propriétés des tenes formees résulterait de modifications des organisateurs polynucléotidiques 
(“templates"’). Ce second effet pourrait étre rapproche de celui que les analogues de purines® et de 
pyrimidines ‘ sur les virus 
Laboratoire d himie biologique, H 
Faculté de 


Universite 
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Presence of biogenic amines in the bovine pineal body 


(Received 8 September 1958) 


THe sub-microscopic anatomy of the pineal body of the rat reveals a structur 
function’ which is reminiscent of the m 

Recently, Lerner and his co-workers hi | ri itl esence 

pineal body. This substance which i 1 t ndole 
stimulating hormone (MSH) 

neorohormona 

three biogenic 

line): and histamine. Table | sur 


the metabolism of these amines 


0-4 pe 


Present 


Absent 


Present 


wadrenaline equivalent) 
ne 10 wg g 


e decarboxylase Absent 


nase Absent 


Serotonin was determined by b the he en ercenaria. Histamine was extracted by 


Code’s method* and assa\ 1 th ated ileun he gt “a pig. Catechol amines were extracted 
and separated by mea f alumina ving a mod at v¢ method of Von Euler and Fi 
and the fluorescence he xidation products served as the basis for their determination 
Aminco-Bowma 

It appears from this preliminar h ¢ pineal body may serve as a convenient and fruitful 


model for neuro-chemical st 


icknowledgement—-We are indebted to Dr. A. B. Lerner for supplying us with bovine pineal bodies 
both in fresh and in lyop 
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Some biochemical effects of hypoglycin 


fueust 1958) 


nino-methylene-cyclopro 


KOH or NaOH 


from one suc parison to the control 


Taste Te AFTER ADMINISTRATIO 


ABELLED GLI Nt 


nbder Counts per Min Rat 


Contro Insulin Tolbutamide 


* Calculated the gastrocnemius muscle on the basis that total muscle mass is 40 per cent of 
body weight 


or tolbutamide 1 marked inhibition of C'-incorporation into liver lipid, wheras hypoglycin 


did not exert t ffect. Similar res 


its were obtained in two other experiments. All three treatments 
resulted in mir ncorporation (zero in the experiment shown) of glucose into liver glycogen. Further- 
more, no major differences between treatments were observed in the excretion of C™( )», (data not 


shown). About 40-50 per ce he administered ( was excreted as CO 


In other studies, hypoglyci nsulin, tolbutamide or saline was administered and the livers were 


excised 4 hr later. Liver total lipid® levels were significantly higher (25—30 per cent) than those of 


control animals only in the case of treatment with hypoglycin (Table 2) Similarly, only liver mito- 


chondria prepared from the hypoglycin-treated rats showed significant impairment in the ability to 


form high-energy phosphate bonds associated with oxidation of pyruvate and malate. When added in 


vitro at a final concentration of 10-* M to liver mitochondria prepared from normal rats, hypoglycin 


produced no effect on oxidative phosphorylation 


It was of further interest to determine serum non-esterified fatty acid (NEFA) levels after hypo- 


glycin treatment. Four hours after hypoglycin treatment, NEFA levels were found to be 4-5 fold 


higher (about 2000 » equivalents liter) than those of control animals ( Table 2). Both insulin and 


tolbutamide induced a pronounced fall in NEFA as well as in glucose levels.’> ° 


In other experiments 100 mg of glucose were administered 5 min after the hypoglycemic agents or 


saline, and blood glucose’ levels were determined at 0. 15 30, 60 and 120 min 


Both insulin and 
tolbutamide k 


the peak rise and caused a rather rapid fall in the blood glucose level. In contrast. 


the curves obta with hypoglycin-treated rats were similar to those of the saline-treated rats for 
the first 2 hr, but at a time when the glucose levels of r; treated with tolbutamide or insulin were 


returning t he glucose levels of h ; 1-treated ra tinued to fall 
Other ex vere performed with diagri and live i si 4 n-treated rats. When 

removed 2 ypoglycin treatment no significa f uptake or glycogen 

formation, as ¢ ired to diagram from untreated rats, were observed. Similarly nc effect on imsulin 


stimulation of glucose uptake was observed. The respiratory quotient (R.Q.) of liver slices obtained 
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from hypoglycin-treated rats was not significantly different from that of controls. However, when 


hypoglycin was added in viro to respiring liver slices from untreated rats at a concentration of 4 


10 M a significant increase in R.Q. was observed 


LIPID LEVELS AND SERUM NON-ESTERIFIED FATTY ACID LEVELS (NEFA) FOUR 


Taste 2. Liver TOTAL! 


AFTER N OF HYPOGLYCEMIC AGENTS 


HOURS ADMINISTRATI 


butamide 


* Determined in 100 g rats starved for 18 hr. Values given are the means standard error. Six rats 


per treatment 


+ Rats were given 100 mg glucose intramuscularly at the time of injection of saline or hypoglycin 


Values shown are the mean of 7 determinations 


The experiments reported herein suggest that hypoglycin may impair utilization of fat. The observed 


increases in liver total lipid and serum NEFA levels expecially point to this conclusion. Fat formation 


l from glucose ts apparently uninfluenced by the administration of hypoglycin while treatment with 
1QacR insulin or tolbutamide significantly lower the net incorporation of glucose into liver lipid 


Of further interest is the fact that «-ketomethylene cyclopropane-propionic acid* and methylene 


cyclopropane acetic acid* have also been found to have about the same order of hypoglycemic 


activity as hypoglycin. A recent report'® indicated that J-4-pentenoic acid was also hypoglycemic. 


These latter findings along with the observed effects of hypoglycin on | pid metabolism described 


above, offer the further suggestion that the aminoacid is metabolized to an acid metabolite, the true 


hypoglycemic agent 


* These compounds were prepared by Mr. J. C. Van Meter and Mr. E. H. Snedeker of these 
laboratories 
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Different effects exerted by isoniazid upon the coenzyme a and pyridoxine contents of the host's tumour 
and tissues 


(Received 15 September 1958) 
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[HE inhibiting effect exerted by isoniazid upon the experimentally-induced 
umours Suc s enhanced by Gesoxy] may well be regarded as a 
an <7, still unc fic e re onship between the metabolism of vitamin B6 and the mechanism 
ie: = nroug! nict d expresses its antiblastic action. It has been furthermore reported that the 7 
| eae owering of the y of coe yme A in the er of rats when anti-vitamin B6 is ads istered can " 
= He Offset co not d.” a tinding which seems to be inconsistent wit! 
‘ig a F he rep ed \ 0 | of the pyridoxine contents in the tissues of such animals as are treated th 7 
| 
of isoniazid (a) 
imour-bearing 
ino rats averaging in weight from 15 to 18 g, each bearing an adenocarcinoma-755 
‘7 Gu S clays n the axillary area by the usual trocar technique. Starting from the fifth day, the j oS 
inimals were d nto tw 4 Ips ol twenty subjects each, one group receiving i daily intramuscular 
a. njection of 20 oniazid (INH) per kilogram of body weight, while injections of physiological an 
wee: solution were ad ered to the other group. Aftcr EEE treatment the subjects were a. 
ae bled to death ar organs and tumours removed UE ions, frozen, weighed and i 
na dually d n iwi ections which were also weighed, one part being used to determine the 
Fre > coenzyme A ci by the Kaplan and Lipmann muihod,' while the other was used to assess the 
tents by the method marized in Table | V 
+ 10¢ 
Control Treated 
I CoA Pyridoxine CoA Pyridoxine 4 
(Ug ug g) g) (ug @) 
H 64-1 1-4] 0-38 0-6 6:1 0-33 
B 2332.16 265. 019 2524 28 2344019 
Tumour 133-07 103. 09 0494003 
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The tumour growth inhibitory activity of l-amino-cy: /opentane-l-carboxylic acid* and related peptides 
(Received 20 December 


1958) 


IN THE Course of the examination of potential amino-acid antagonists as inhibitors of tumour growth 


we have been particularly interested in «-substituted derivatives! since these are believed to be strongly 
‘ntrated intracellularl A logical extension of this work wv mined 
concentrated S$ a logical extensi IS WOTK We Nave examined some cyclic 
compounds which can be regarded as derived from such «-alkvlated o-acid 
Amongst the cor ijpounds now tested are l-amino-cyc/oper e-l-carboxylic acid (1 -amino- 

cyclohexane DOXVIIC icid (11) 2-methyl- (III and 3-me (IV) exan 
carboxylic acid, | nino-tetrahydronaphthalene-!-carboxylic cid (V), and 2-amino-tetrahydro- 


naphthalene-2- 


COOH COOH COOH 


CH 


NH 


COOH COOH 


NH, 


COOH 


(IV) (V) (VI) 


The cv 


(V and VI) had no effect on the growth of the transplanted Walker rat carcinoma when administered 


lohexane derivatives (II, and IV) and the two tetrahydronaphthalene amino-acids 


by intraperitoneal injection of an aqueous solution in ten daily doses of 100 mg per 200 g. rat. The 


5 mg per 
200 g rat per day. The average tumour weight in a control series of animals eight days after implant 


es of animals which had 25 mg of (1) on each of six days after implant 


re toxic and could only be given at a dose level of 


cyclopentane derivative (1) is ra 


S53 2g whereas in a para lel ser 


was 


the average tumour weight on the eighth day was 1-8 g (Control treated ratio $5/1-8 30-5) 


At this dose level the compound was still producing toxic symptoms and in an attempt to reduce this 


tid and 
toxicity we have examined some sin ple dipeptides, such as (VIT) and (VIII) 


NH 


NH CO CH, NH 
CO NH CH, COOH COOH 


(VII) (VITT) 


1,1 
} 


iloride of 


In an experiment where the treated rats received six daily injections of 50 mg of the hydroc 


(VIII) the C’'T ratio was 9-0 b this dose was not well tolerated. Eight daily doses of 25 mg of the 


hydrochlorides « { (VII) and (VIII) gave C/T ratios of 7-5 and 5-3 respective! 


y and these amounts were 


well tolerated by e animals 
1 


In preliminary haematological investigations a single intraperitoneal injection of an aqueous 


solution of (1) at a dose of 750 mg/kg caused death after severe weight loss in three out of four rats in 


* While this work was in progress it was learned from the Cancer Chen 


therapy National Service 


Center, Bethesda, U.S.A.. that amino-acid is also being studied under the spices. It is of 

interest to note that a related compound l-hydroxylamino-cvcl pentane-|-carboxylic acid has been 
ere 

reported to prolong the life of mice afflicted th an ites tumour (Wilson and Irwin, quoted by 


Neelakantan and Hartung, Abstracts of papers, 134th meeting of the American Chemical Society, 
p. 24/0). 
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eight to ten days. In all cases death was preceeded by a very marked depression of circulating leuko- 
cytes particular neutrophils which disappeared completely from the circulation 6 days after 
administration I mpound \ delayed, rather less severe fall in blood platelets also occured 
shortly before The ng animal showed complete suppression of blood neutrophils 
6 days after tre vith the amino-acid (1) and some fall in lymphocyte count together with a 
slight fall in platelet coun ured. Neutrophils were still absent at 10 days by which time the 
lymphocyte 

Following | f the tu growth inhibitory action of !-amino-cyc/opentane-1- 
carboxylic acid ( d the t rly Ui we are now preparing for test certain analogues of (1) 


and further simp tide \ F rs nto cyclic peptides 


grants to this Institute from the British 
Fund for Medical Research, the Anna 
nal Institutes of Health, U.S. Public 
F.R.S. for permission to quote the results 
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Errata 


ERRATA 


. Emmecor and C. J. Bos: Biochemical Pharmacology 1, 105-110 


Page 106, line 11. For “cytochromec” read “‘cytochrome-c.” 


Page 107, footnote, line 11. For “‘aerobic”’ read “‘anaerobic.”’ 


P. Emmevor, C. J. Bos, B. J. Visser and C. T. BAHNER: Biochemical Pharmacology 1, 
111-114 


Page 112, Table |. This table is now printed in its correct form on pages 
242 and 243 overleaf 
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COMBINED TREATMENT OF A TRANSPLANTABLE 
MOUSE TUMOUR WITH CYSTEAMINE (8-MERCAPTO- 
ETHYLAMINE) AND NITROGEN MUSTARD (HN2) 


A. J. THERKELSEN* 


Institute of General Pathology, University of Aarhus, Denmark 
(Received 4 September 1958) 


Abstract—The toxic effect of cysteamine has been studied after repeated injections into 
AKA mice 

In a series of experiments in which a lymphocytic neoplasm was transplanted into 
AKA mice it was shown 

(1) That cysteamine and nitrogen mustard (HN2) exert an additive effect on the size 
of the subcutaneously transplanted tumour, but that this effect is probably due to the 
weight loss which occurs during the treatment of the animals, since the growth of the 
tumour occurred at a slower rate when the animals were subjected to moderate starv- 
ation, It is mentioned that the results obtained by Peczenik'® may possibly be explained 
in the same way 

(2) That cysteamine has no therapeutic effect on the tumour used 

(3) That cysteamine given 4-6 hr before HN2 does not affect the increased survival 
time produced by HN2 

(4) That cysteamine given 15-20 min before HN2 does not reduce the increased 
survival time produced by HN2, but that a considerably greater increase in survival 
time can be obtained by a combination of the two drugs than when HN2 is given alone, 
since cysteamine seems to afford a certain protection against the lethal effect of HN2 
without a simultaneous reduction in the tumour-inhibitory effect of the latter. 

It is therefore concluded that the protective effect of cysteamine against HN2 can 
scarcely be explained by an inactivation of the latter by its linkage to the SH group of 
cysteamine, as has been claimed by Salerno and Friedell."’ 

Other possible explanations of the effect are discussed 


THE PROTECTION afforded by cysteamine against the lethal effect of x-rays and nitrogen 
mustard is well known from animal experiments.*: 

It has been claimed by Peczenik!® that cysteamine does not reduce the inhibitory 
action of nitrogen mustard (HN2) on the Walker carcinoma transplanted into rats, 
but that it, on the contrary, increases the tumour-inhibitory effect of HN2. 

It was previously shown"’ that cysteamine gives good protection of mice against a 
98-5 per cent lethal dose of HN2 when injected within $ hr before HN2 injection, and 
that it especially gives a good primary protection of the bone marrow. 

If this protection of the bone marrow could be achieved without a simultaneous 
reduction in the tumour-inhibitory effect of HN2, a combination of cysteamine and 
HN2 might prove to be of significance in the clinical treatment of malignant disorders. 


MATERIALS AND METHODS 

Apart from one of the first experiments (Fig. 2), mice weighing from 21 to 27 g 
were used; the animals (inbred AKA mice) were divided into groups of eight with an 
average weight of 24 g and with a uniform sex and age distribution in the individual 


groups. 


* Lady Tata Memorial Scholar. Aided by grants from the Research Council of the Danish Civil 
Defence Board, the Anders Hasselbalch Anti-Leukaemia Foundation and C. P. Schepler and wife's 
bequest, the Irma Foundation. 
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The tumour used was what Dunn’® terms a “lymphocytic neoplasm”, which had 
arisen spontaneously in one of our AKA mice in December 1954 and since maintained 
by continuous subcutaneous transplantation in the same strain. 

In the initial experiments, subcutaneous transplantation of 0-1 ml of finely minced 
tumour was used, but in the later experiments in which intraperitoneal transplantation 
was employed, a suspension with a known number of tumour cells/ml in physiological 
saline was prepared; amounts of 0-1 ml of this suspension, containing 1-0—-1-5 = 10° 
cells, were used for the injections. 

All the animals were weighed daily or every other day. Injections of HN2 and 
cysteamine were usually commenced 2 days after the transplantation and were given 
daily (except on Sundays) as long as at least one group of animals in the experiment 
concerned was complete in number. 

Autopsy was performed on all the animals, and histological section of the kidneys, 
liver, radix mesenterii, spleen, thymus and lungs were studied after staining with 
haematoxylin and eosin. Specifically, sections were prepared from all animals in 
which the gross appearance did not unquestionably show whether death was due to 
the tumour growth or to intoxication by the injected HN2. 

The nitrogen mustard used was HN2 (N-methyl-bis-8-chloro-ethylamine- 
hydrochloride) manufactured by A/S Ferrosan under the proprietory name of Erasol 
and supplied in ampoules containing 10 mg of HN2 in | ml of absolute alcohol. 

The desired dilution of HN2 was obtained by addition of physiological saline, and 
the HN2 solution was at once injected intraperitoneally in amounts of 0-1 ml. 

The cysteamine used in the first experiments was synthetized by the Chemical 
Institute of the University of Copenhagen (Professor K. A. Jensen). As this institute 
could not continue the synthesis, the cysteamine used in later experiments was supplied 
by the chemical factory Fluka; the latter preparation proved to have the same toxicity 
and the same protective effect against HN2 in mouse experiments as the former. The 
iodometric titration value does not change when the drug is stored in ampoules with 
an N, atmosphere 

The cysteamine preparation was dissolved in physiological saline and neutralized 
by hydrochloric acid immediately before the injection. 


RESULTS 


1. Toxicity of cvsteamine after repeated daily injections 

The toxicity of cysteamine after a single injection has previously been determined 
in “street” mice; in animals weighing from 21 to 27 g (average weight 24 g) the LD,, 
was found to be 6:5 mg/mouse. 

With a view to the planned tumour experiments it was necessary to study the toxic 
action of the drug after repeated daily injections into AKA mice. 

After intraperitoneal injection of 3 mg of cysteamine each day for 14 consecutive 
days, 11 out of 11 AKA mice survived. The animals did not seem to be affected by the 
injections, but a weight loss occurred, averaging 3 g as compared with the animals of 
a control group injected with physiological saline (Fig. 1). 

Following injections of 3 mg of cysteamine twice daily at intervals of 4-6 hr for 
15 consecutive days, 7 out of 8 mice survived; after having received a total of 6 x 3 mg 
the eighth mouse died with clonic convulsions persisting for 24 hr. The weight loss in 
the surviving animals did not exceed that observed in the aforementioned mice, which 


; 
; Se 
; 
Cc 
4 
4 

~ 
j 


Combined treatment of a transplantable mouse tumour 247 


were given only one injection daily (Fig. 1). The toxic effect of a stil] higher dosage was 
not studied, but an amount of 3 mg twice five for 15 days 1s likely to be very close to 
the lethal dose for AKA mice of an average weight of 24 g, since 4 mice which in 
another experiment received that dose all developed clonic convulsions an they 
were killed and autopsied on the day following the last injections (Table | 


Cody weight 


Fic. |. Average body weight (g) of 3 groups of 8 AKA mice which were given injections on 15 consecu- 


3 mg daily: 


tive days as follows: @ @. physiological saline, 0-2 ml daily: , cysteamine, 
A A, cysteamine, 3 mg twice daily 


As Peczenik’® has claimed that cysteamine produces shrinkage of the spleen in 
rats, groups of 4 mice were subjected to autopsy at different times within the experi- 
mental period in the toxicity studies in order to ascertain the weight of the thymus 


and spleen. 
The result appears from Table 1. It is seen that in spite of the fact that the doses 
injected were considerably higher than those used by Peczenik, no definite change in 


the weight of the spleen was found as compared with a control group of the same age 
and weight after injections of physiological saline. On the other hand, a considerable 
decrease in the weight of the thymus occurred in all 4 groups of animals. 


TABLE |. TOTAL WEIGHT OF THE THYMUS GLANDS AND SPLEENS OF FOUR 
EXPERIMENTAL ANIMALS AND FOUR CONTROLS AFTER THE INJECTION OF 
VARIOUS DOSES OF CYSTEAMINI 


Dose of cysteamine Weight of thymus Weight of spleen 
(mg) (mg) (mg) 


Daily Total Exp Controls Exp Controls 


3 3 318 §25 

3x2 3«9 290 516 221 223 
3 2 3 17 264 427 260 205 
3 2 3 3 288 


Histological sections of the kidneys, spleen, liver, lungs and thymus, stained with 
haematoxylin and eosin, showed no definite abnormalities. Specifically, the structure 
of the thymus showed no changes; the cellular density seemed to be normal, and the 
cortex and medulla could readily be distinguished. Thus, the weight loss was due to a 
concentric atrophy of the organ. 
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2. Effect of cysteamine and HN2 on subcutaneously transplanted tumours 
In these initial experiments, attempts were made to assess the effect of the treatment 
on the basis of the tumour size and the survival time of the animals. 
Both in these and in later experiments with intraperitoneal injections the following 
experimental set-up with 5 groups each of 8 animals was used: 
Group 1: 0-2 ml physiol. saline i.p. 15-20 min before 0-1 ml HN2 solution i.p. 
Group 2: 0-2 ml cysteamine sol. i.p. 15-20 min before 0-1 ml HN2 solution i.p. 
: 0-2 ml cysteamine sol. i.p. 4-6 hr before 0-1 ml HN2 solution 1.p. 
Group 4: 0-2 ml cysteamine sol. i.p. 15-20 min before 0-1 ml physiol. saline i.p. 
Group 5: 0:2 ml physiol. saline i.p. 15-20 min before 0-1 ml physiol. saline i.p. 


ww 


Group 


studies showed the effect of 


In this way, the 

(1) HN2 alone. 

(2) Cysteamine g 
be expected. 

(3) Cysteamine given such a length of time before HN2 that a protective effect could 
not be expected, and of 

(4) cysteamine alone. 


ven so shortly before HN2 that a protective effect could 


The last group was used as a control group which received injections of physiological 
saline only. 

The results of a preliminary experiment are seen in Fig 2, showing the survival time, 
tumour size, body weight and the number of injections, which were commenced on the 
day when the transplantation was performed and continued for a total of 14 days. The 
daily doses of cysteamine and HN2 were 3 mg and 0-0075 mg, respectively. 


> 

< 

> 

2 4 

3 . 

y 


3 
. 
100 t Pd 2 


0 7 "9 


Days after transplant«tion 


Fic. 2. Average body weight (g), average tumour size (mm*) and survival curves for 5 groups of 
8 AKA mice which from the day of subcutaneous transplantation of 0-1 ml of tumour mass were 
given injections as follows: A A. no injections (controls); @ ws. 0-2 ml physiol. saline 
30 min before 0-0075 mg HN2; . 3 mg cysteamine 30 min before 0-1 ml physiol. saline; 

. 3 mg cysteamine 30 min before 0-0075 mg HN2; @ @, 3 mg cysteamine 6 hr before 
0-0075 mg HN2, All injections (7) were given intraperitoneally. 
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It is seen that the experiment points in the same direction as the results obtained 
by Peczenik,’® since the two groups which received both cysteamine and HN2 had the 
smallest tumours and also the longest survival times, but the extension of the survival 
time as compared with the group which was given cysteamine alone and that which was 
given HN2 alone was slight. In addition, it is seen that cysteamine alone also has an 
effect on the tumour size, and that the body weight and tumour size are correlated in 
such a manner that the animals with the highest body weights have the largest tumours. 

As it is known that starvation is capable of reducing the size of a subcutaneous 
tumour,’® it was necessary to study if the reduction in the tumour size should simply 
be due to the weight loss which accompanies the treatment with cysteamine and 
HN2, i.e. if it should merely be a non-specific effect. 

This was investigated in an experiment with a group of mice which were given 
restricted amounts of food (Fig. 3). It is seen that the smallest tumours were found in 
this group, while the starvation did not influence the length of the survival time. In 
this experiment, too, there was a correlation between the body weight and tumour 
size; there was no definite additive effect of cysteamine and HN2 as measured by the 
length of the survival time. 


TUMOUR SIZE 
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Days after Transplantation 


Fic. 3. Average body weight (g), average tumour size (mm*) and survival curves for 4 groups of 

8 AKA mice which from the day following subcutaneous transplantation of 0-1 ml tumour mass were 

given injections as follows: A——— A, 0:2 ml physiol. saline 20 min before 0-1 ml physiol. saline 

(controls); # g , 0:2 ml physiol. saline 20 min before 0-009 mg HN2; 3 mg cysteamine 

20 min before 0-009 mg HN2; @ @, one group that was given restricted amounts of food, but no 
injections. All injections ( fT) were given intraperitoneally. 


The experiment thus suggests that the effect on the tumour size observed in these 
two initial experiments is, either wholly or at least in part, of a non-specific nature. 
It is uncertain whether the additive effect of cysteamine and HN2 on the size of the 
Walker carcinoma in rats observed by Peczenik'® can be explained in the same way, 
but in this connexion it must be pointed out that Peczenik assessed the effect only on 
the basis of the tumour size and, apparently, did not weigh the experimental animals. 
As already mentioned, the present experiments did not reveal any definite additive 
effect of the two drugs as measured by the length of the survival time. As, thus, 
measurements of the tumour size did not seem to be of value in studies on the type of 
tumour used, intraperitoneal transplantation was used in the subsequent experiments. 
Another reason for this change in technique was that an experiment in which the 
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effect of the same dose of HN2 (0-015 mg daily) was compared in a group given 
intraperitoneal injections and one given the same number of cells subcutaneously 
showed that HN2 had a better effect on the survival time in intraperitoneally trans- 
planted mice. 


3. Effect of cysteamine and HN2 on intraperitoneally transplanted tumours 

As already mentioned, a known amount of cells (1-0—1-5 10°) was injected in these 
experiments, The injections of cysteamine and HN2 were commenced 2 days (in one 
experiment, 3 days) after the transplantation. The injections were given daily (except 
on Sundays) as long as at least one of the groups of animals in the experiment was 
complete in number. The number of injections and the doses of cysteamine and HN2 
given in the individual experiments are shown in Fig. 4. 

he experimental set-up was usually as stated above, 5 groups each of 8 mice being 
used in each experiment. Fig. 4 shows the survival curves for the experimental groups |, 
2 and 5, whereas those for group 3 (cysteamine 4-6 hr before HN2) and group 4 
(cysteamine alone) have been left out in order to facilitate a survey. 


(a) Effect of cysteamine alone. The effect of cysteamine alone was studied only in 
four of the experiments. 

In experiments | and 7 a group of mice was given 3 mg of cysteamine 15-20 min 
before 0-1 ml of physiological saline intraperitoneally (total ten injections). The 
average survival time in these two groups were 13-0 and 13-5 days as compared with 
13-4 and 12-4 days in the control groups. 

In experiments 3 and 6 the daily dose of cysteamine was only 2 mg. The average 
survival times in these experiments were 12-9 and 11-6 days as compared with 12-0 and 
11-6 days in the control groups. 

Thus, cysteamine does not seem to have any effect on the survival time of the 
animals. Nor did autopsy or histological examination of the organs reveal any 
difference between the cysteamine-treated and untreated animals. 

\ therapeutic effect of cysteamine alone might have been expected, since it has 
been claimed by Bacg er a/.' that the drug is of benefit in patients with leukaemia. 


(b) Effect of cysteamine given 4-6 hr before HN2. In the aforementioned experiments 
performed by Peczenik,'® cysteamine was given either 3 or-6 hr before HN2. It was 
therefore thought to be of interest to study the effect of the two drugs given at similar 
time intervals. Incidentally, when the interval between the administration of the two 
drugs is so long, a protective effect of cysteamine against HN2 cannot be expected.’ 

This was studied in five of the experiments, viz. experiment |, in which the daily 
cysteamine dose was 3 mg, and in experiments 3,4, 6 and 8, in which the 
daily cysteamine dose was 2 mg. 

The average survival times in these five experiments were 15-3, 15-6, 18-0, 18-0 and 
20-6 days, respectively, while those for group | (HN2 alone) in the same experiments 
were 14-9, 15-0, 18-0, 18-5 and 19-3 days. 

Cysteamine given such a length of time before HN2 injection does not have any 
influence at all on the survival time of the animals. In particular, it should be noted that 
in experiments, cysteamine did not afford any protection against HN2, which was 
here given in such a high dosage that 6 of the 8 animals died with signs of HN2 intoxi- 


cation and without microscopically demonstrable tumour infiltration in the organs. 
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Cystearnine:2mg 


Fic. 4. Survival curves for groups of 8 AKA mice. A total of 9 experiments are illustrated, each 
Two days after intraperitoneal transplantation of 


showing survival curves for 3 groups of 8 mice 
1-0-1°5 10° cells a series of cysteamine and HN2 injections were commenced. The injections ( 7) 
The injections were given as follows: 


and doses of cysteamine and HN2 are shown at the curves 
, 0-2 ml 


A. 0:2 ml physiol. saline 15-20 min before 0-1 ml! physiol. saline (controls); 

physiol. saline 15-20 min before 0-1 ml HN2 solution; @ @. 0-2 ml cysteamine sol. 15-20 min 
before 0-1 ml HN2 solution 

8 and 9, the principal results of the histological examinations are indicated for 


For experiments 7 
), tumour infiltration in 


each animal as follows: + , tumour infiltration in all the organs examined; ( 


some of the organs examined, and © no tumour infiltration in any of the organs examined 
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(c) Effect of cysteamine given 15 20 min before HN2. This form of administration 
was of particular interest, since it has previously been shown!’ that cysteamine gives 
good protection against HN2 when given within half an hour before HN2. The 
mechanism of the protective action 1s unknown, but it has been claimed by Salerno 
and Friedel! that HN2 ts inactivated simply by being bound to the SH group of 
cysteamine. If this be the case, it should be expected that cysteamine given within 
| hr before HN2 would reduce the effect of the latter on the tumour. The results of 
the experiments appear in Fig. 4. 

In experiments |, 2, 3 and 4, cysteamine apparently did not exert any influence at 
all on the action of HN2, since the survival curves for the groups which were given 
HN2 alone ( ) coincide with those for the groups which received cysteamine 
15-20 min before HN2 (e 

In experiments | and 2, the daily cysteamine dose was 3 mg, which is probably very 
close to the lethal dose in mice transplanted with the tumour, since it was seen mn 
both experiments that clonic convulsions developed in the two animals which died 
first in the cysteamine-treated group. As mentioned above, such convulsions are seen 
in cysteam.ne intoxication, W hereas they are not observed in the animals treated with 
HN? alone or in the untreated animals. 

However, histological examinations of sections of the organs of these four animals 
showed marked infiltration with tumour cells in all the organs examined, just as was 
seen in the remaining mice used in the experiment. 

In experiments 5 and 6, the cysteamine-treated group surviv ed a little longer than the 
unprotected group which was given HN2 alone. This effect became very pronounced 
when the HN2 dose was increased to 0-003 mg daily as in experiment 7, in which the 
cysteamine-treated mice showed an average survival time of 31-5 days, while the 
unprotected, HIN2-treated animals survived for 16-9 days and the controls for 
12-4 days. The difference of 14-6 days between the average survival time of the pro- 
tected and the unprotected group 1s significant as the standard deviation of the 
difference calculated according to Student's f-test for small samples ts 30 = 49, 
pP—0-001). The difference between the average surviy al time of the protected group and 
the average survival times of the two treated groups in experiment 6 Is highly sig- 
nificant, too (/ 10-6 and ¢ = 10-7). 

In experiment 7, the protection afforded by a daily cysteamine dose of 3 mg was 
also studied. However, three of the animals in this group died with clonic convulsions 
7. 10 and 10 days after the transplantation, which, like the results of experiments l 
and 2, suggests that a daily dose of 3 mg is very close to the lethal dose in mice 
previously transplanted with the tumour. Thus, it does not seem to be possible to 
increase the cysteamine dose appreciably beyond 2 mg daily. The remaining 5 animals 
attained an average survival time of 31-0 days. 

if the daily HN2 is further increased to 0-035 mg, as was done in experiment 8, 
the cysteamine-treated animals still have a significantly longer survival time than the 
unprotected mice (f = 44, P—0-001), but the average survival time is not so long 
as in the protected group in experiment 7, In experiment 8, the survival times for the 
control group, the group treated with HN2, and that treated with cysteamine and 
HN? were I 1-1, 19-3 and 25-5 days, respectively. 

In experiment 9, the daily HN? dose was increased to 0-045 mg. It is seen that the 
HN?-treated animals now died just as quickly as the controls, while the cysteamine- 
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treated group survived somewhat longer, although the first two animals of the group 
succumbed after 11 and 12 days, respectively. 

The protective effect of 3 mg. of cysteamine daily was also studied in this experiment 
(cf. experiments 1, 2 and 7), but the survival curve for this group almost completely 
coinicided with that shown in Fig. 4 (2 mg of cysteamine daily), indicating that an 
increase of the cysteamine dose would not afford better protection at this dosage 
level of HN2. 


(d) Histological studies. As previously pointed out, in all cases where it was not 
quite clear whether the animals had died from the tumour infiltration into the organs 
or of HN2 intoxication, sections of the organs were studied histologically after 
Staining with haematoxylin and eosin. 

The following organs were usually studied: the liver, spleen, kidneys, thymus, 
lungs and a portion of the radix mesenterii in which it was endeavoured to include 
not only the retroperitoneal lymph nodes, but also the pancreatic head and part of 
the duodenum. 

The controls invariably showed extensive tumour infiltration in all the organs. The 
sections of the radix mesenterii showed pronounced infiltration with invasion into the 
pancreatic head and usually into the duodenum. The liver revealed infiltration 
especially in the periportal regions, but usually also around the central vein, and 
scattered tumour cells were observed in the sinusoids. 

The kidneys showed marked infiltration in and around the renal pelvis and small 
infiltrates scattered in the cortex. 

In the spleen and thymus, the normal structure had always completely disappeared, 
and tumour cells were seen everywhere. 

The lungs invariably revealed tumour cells in all the septa; small infarcts were 
often seen, and tumour-cell thrombi were occasionally observed in the arterioles. 

As the principal purpose of the histological examination of the treated animals 
was to decide whether the animals had died from the tumour infiltrations in the 
organs or of HN2 intoxication, the histological studies are of the greatest interest in 
the animals which had received the highest doses of HN2, especially in experiment 5 
to 9 inclusive, in which the unprotected animals died before those protected by 
cysteamine, probably because the HN2 dose had reached a toxic level. 

The histological findings in experiments 5 to 9 are therefore considered in detail 
below. 


Experiment 5. Macroscopically, the radix mesenterii showed considerably less 
infiltration in the HN2-treated animals than in the controls. Similarly, microscopic 
studies showed that the infiltration and destruction of the pancreas were considerably 
less in the two HN2-treated groups; only in | mouse was the duodenum invaded; 
in | mouse from each group no tumour cells at all could be demonstrated in the 
sections of the radix mesenterii. 

No difference between the cysteamine-treated and the unprotected animals could 
be demonstrated. 

In addition, autopsy studies showed that the liver was greatly enlarged, of a yellowish 
pale colour and had rounded margins in the control group, while it was only slightly 
enlarged and of normal colour in the two groups treated with HN2. Similarly, micro- 
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scopic studies showed that the cytoplasm of the liver cells was markedly vacuolated 
in the controls, while this change was inconspicuous in the other two groups. Macro- 
scopically, it could not be decided whether the animals of the control group were 
more anaemic than those in the groups treated with HN2. 

Otherwise, macroscopic and microscopic studies did not reveal differences between 
the animals of the various groups, in all groups, the organs studied showed tumour 
infiltration to such an extent that it must be assumed to have been the cause of death 
in all the animals. This assumption is also supported by the fact that none of the 
animals showed clinical signs of HN2 intoxication, such as emaciation, diarrhoea or 
dehydration. 


Experiment 6. This showed the same findings as in experiment 5, i.e. the same 
macroscopic and microscopic differences between the various groups. Only 4 mice in 
each group were studied histologically, but the animals examined showed pronounced 


tumour infiltration in all the organs. 


Experiment 7. The result of the histological examination in this and the two 
following experiments is illustrated in Fig. 4, the presence or absence of microscopic 
tumour infiltration being indicated at the survival curves as follows: +, tumour 
infiltration in all the organs examined; (+), tumour infiltration in some of the organs 
examined; and 0, no tumour infiltration in any of the organs examined. 

lt appears that in experiment 7, 5 of the 8 mice in the unprotected HN2-treated 
group died without signs of tumour infiltration in any organs, which is in harmony 
with the fact that these animals died with signs of typical HN2 intoxication, such as 
diarrhoea, emaciation, dehydration and greatly diminished thymus and spleen. 

One of the animals is graded (+) because definite tumour infiltration could be 
demonstrated only in the spleen and thymus. The last 2 animals in the group showed 


tumour infiltration in all the organs examined 


In the cysteamine-treated group, microscopic tumour-cell infiltration was revealed 


in all the organs examined, which suggests that, in all probability, these animals 
died of their tumours. This is in agreement with the fact that none of the animals 


showed clinical signs of HN2 intoxication. 


Experiment 8. As appears from Fig. 4, 6 of the unprotected, HN2-treated mice 
died without demonstrable tumour infiltration. One animal in the group is graded (+ ) 
because tumour infiltration was found in the thymus and in one section of the radix 
mesenteril, but not in the liver or lungs. By a mistake, sections of the kidneys and 
spleen of this mouse were unfortunately not prepared. The last animal in the group 
showed pronounced tumour infiltration in all the organs. It is seen that of the protected 
mice in the experiment, 2 died without signs of tumour infiltration, while the remaining 
6 showed such infiltration in all the organs. 


Experiment 9. All the unprotected mice died without demonstrable tumour infiltra- 
tion in the organs, but with typical signs of HN2 intoxication. Among the cysteamine- 
treated animals, tumour infiltration could not be demonstrated in 3, while there was 
pronounced infiltration of all the organs examined in the remaining 5 of the group. 
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DISCUSSION 

The mechanism of the toxic action of cysteamine given in repeated injections is 
unknown, and the toxicity of the drug by this mode of administration does not seem 
to have been considered in the literature. On the other hand, the toxic effect of single 
injections of cysteamine has been studied,°*: '* and it has been shown that a toxic dose 
of the drug is capable of producing clonic convulsions. 

Atrophy of the thymus gland may be explained by the weight loss alone, as it has 
been shown by Selye™ that weight loss following starvation is accompanied by 
atrophy of the thymus. Incidentally, atrophy of the thymus may be produced by a 
large number of drugs of a widely different nature and is often associated with 
hypertrophy of the adrenals and decrease in liver size. Whether this was the case in my 
experiments is unknown, as the problem was not studied. 

From the experiments reported here it must be concluded (a) that cysteamine per se 
does not exert any therapeutic effect on the tumour studied, (b) that cysteamine given 
4-6 hr before HN2 does not influence the action of the latter on the tumour, and (c) 
that by administration of cysteamine 15-20 min before HN2 it is possible to obtain 
an extension of the survival time of the animals which is considerably longer than that 
obtained after HN2 alone, probably because cysteamine affords a certain protection 
against the lethal effect of HN2 without a simultaneous reduction in the tumour- 
inhibitory effect of the latter drug, so that a larger dose of HN2 can be given without 
producing a lethal intoxication. 

It is therefore difficult to harmonize the results of the present investigation with the 
above-mentioned theory advanced by Salerno and Friedell™ in explanation of the 
protective effect of cysteamine against HN2. From their investigations, these authors 
concluded: “It appears that the protective action against nitrogen mustards is a 
result of the direct interaction of the free sulfhydryl groups of cysteine or Becaptan 
with the highly reactive imonium ion of HN2... .” 

However, on the assumption that this theory be correct, one would expect that 
cysteamine would have reduced the tumour-inhibitory effect of HN2, and that it 
would have been impossible to improve this effect by a combination of the two drugs, 
such as was seen in the present studies. 

Nevertheless, the explanation might be that because of the uneven distribution of 
cysteamine in the organism demonstrated by Eldjarn and Nygaard,® some organ 
for example, the bone marrow—might be protected to a greater extent than the 
tumour. 

Eldjarn and Nygaard® found high concentrations of cysteamine in the bone marrow 
of rats, and if the theory be correct, one would expect a good protection of the bone 
marrow, but neither Weisberger e7 a/.,'° nor Preziosi et a/.!* were able to demonstrate 
any protective effect of cysteamine against the leukopenia produced by injection of 
HN2 into rabbits. The writer has investigated the protective effect of cysteamine 
against HN2-induced leukopenia in mice; in two preliminary experiments, no such 
effect was demonstrable. 

In previous experiments,'’ cysteamine was found to afford protection of the bone 
marrow, as assessedby counts of nucleated cells in sections from the marrow of animals 
killed 24 hr after the injection of cysteamine and a LD,,., of HN2. 

These seemingly contradictory results might be explained, since it is known that 
cysteamine is toxic to isolated cells in tissue culture,’® and that the compound can 
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arrest mitosis at metaphase. If cysteamine prolongs the process of mitosis, we might 
find a higher number of cells in the marrow without a larger number of cells in the 
peripheral bood, but in that case the larger number of cells in the marrow would not 
be an expression of an inactivation of HN2. It might also be difficult to differentiate 
cells in incipient pyknosis from normal ones in the sections. 

So far, it is therefore difficult to explain the present results on the basis of the 
theory of Salerno and Friedell,'* even if the uneven distribution of cysteamine in the 
organism is taken into account. 

Another theory in explanation of the protection afforded by cysteamine against 
HN2 has been advanced by Eldjarn and Pihl,’ who suggested that the effect might 
be explained by assuming that the drug brings about a transitory blockage of vital 
SH groups and thus protects these against HN2. 

If the uneven distribution of cysteamine in the organism is without significance, 
this theory is also unable to explain the present results, unless the normal cells are 
protected to a higher degree than the malignant ones. 

Further, it must be mentioned that it is questionable if the principal point of attack 
of HN2 in the cells is the SH groups; much evidence is available suggesting that the 
point of attack should be sought in the nucleic acids.*» © 

In the two theories mentioned it is presupposed that the action of cysteamine is 
exerted at a cellular level. 

It has not been unquestionably proved that cysteamine protects isolated cells 
against the lethal effect of HN2. It is true that Deysson and Truhaut* have shown that 
cysteamine protects Pisum sativum against the toxic effect of nitromin (the N-oxide 
of HN2), but in these experiments both substances were dissolved in Knoop’s solution 
before this solution was given to the plants, so that the effect may simply be due to 
an inactivation of HN2 by its linkage to the SH group of cysteamine. 

That such a linkage does not occur in the animal organism is probably due to the 
fact that cysteamine, as shown by Eldjarn and Pihl,’ is very rapidly bound to the serum 
proteins when it is injected into mice. Thus, proof that the protection afforded by 
cysteamine against HN2 occurs at a cellular level still seems to be missing, and the 
possibility that it is due to a systemic effect must therefore also be considered. 

Thus, further investigations are necessary to clarify these problems, and so far it 
must be concluded that the present results speak against the assumption that 
cysteamine brings about an inactivation of HN2 in the mouse organism. 

An interesting parallel to the present experiments is found in the investigations of 
Kluyskens," who showed that cysteamine protects mice against the toxic effect of 
dihydrostreptomycin on the vestibular apparatus. At the same time, he demonstrated 
that cysteamine did not reduce the bacteriostatic effect of dihydrostreptomycin 
in vitro. 
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Abstract——It is shown that glutathione (GSH) lowers the lethal effect of cysteamine in 
rations'® suggested that GSH lowers the cytotoxic effect of 


mice is Previous Investig 
cystcan em tissue-culture experiments 

ltisa shown that GSH does not char the radioprotective action of cysteamine, 
and wu ncreases the ability of cysteamine to protect the animals against nitrogen 
must: HN2) Acct wdingly, the present investigation weighs against the assumption 
that nism the tonic off nine s identical to that of the protective 
actior ¢ Compo nd against x-rays and HN2. as claimed by Eldjiarn ind Pihl 

Comp ve studies on the protection against x-rays and HN2 afforded by cystea- 
mine. some cysteamine derivatives, tryptamine, tyramine and aminoethyliso—thiouronium 
hydro de (AET) are reported, and the results are discussed 

lt is € yhasised that after a LD, ot HN2 — of the animals seems to be due to 
intestinal destruction, while the cause of death after a LD,, of x-irradiation is apparently 


destruct of the bone marrow 


AMONG the compounds which have so far been found to afford protection against the 


effects of roentgen irradiation in experimental animals, cysteamine* and S-f- 


aminoethylisothiouronium, 2 HBr (AET)* are two of the most efficacious. Cysteamine 


(5-mercaptoe thylamine) also gives good protection against nitrogen mustard 


(HN2),2*: '* whereas the protective action of AET against HN2 does not seem to have 


been studied 
The mechanism of the protective action of cysteamine against X-rays and HN2 has 


not as yet been clarified. Among the theories offered in explanation of the protective 


effect, the one advanced by Eldjarn and Pihl'® has aroused great interest. These investi- 
gators claimed that both the radioprotective effect of cysteamine and its protective 
action agai HN2 may be explained by a temporary blockage of vital SH groups in 
the cells, by 
and HN2. Cysteamine 
disulphides 

Eldjarn and Pihl'® also expressed the view that the toxic action of cysteamine on 


h these SH groups are protected against the effect of ionizing radiation 


bound to these SH groups under the formation of mixed 


and its lethal effect on experimental animals may be explained by the 


isolated Cells 
ism, since the blockage of the SH groups is lethal when it is not abolished 


same mecha! 
sufficiently 1 
The present 
able to reduce the toxic effect of cysteamine on cells in tissue culture; this reduction 
may be explained on the basis of the theory of Eldjarn and Pith, since it is well known 


ipidly by excretion or break-down of the cysteamine. 
writer has previously shown'® that glutathione (GSH) seems to be 
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that SH-bearing enzymes which are inactivated by blockage or oxidation of the 
SH group may often be reactivated by addition of GSH.* 

However, if the mechanism of the lethal effect of cysteamine on experimental 
animals and of its protective action against x-rays and HN2 is identical with that of 
its cytotoxic effect, it should be expected that GSH would reduce all the effects of 
cysteamine. 

Accordingly, the influence of GSH on the lethal action of cysteamine on mice and 
its influence on the protective effect of cysteamine against x-rays and HN2 has been 
studied. Comparative studies on the protection against x-rays and HN2 afforded 
by cysteamine, some cysteamine derivatives, tyramine, tryptamine and AET have also 
been undertaken. 

It was hoped that these studies would reveal evidence suggesting whether or not the 
protection against x-rays and HN2 is due to the same mechanism. In a previous 
study,'* certain points of resemblance in the protective effects of some cysteamine 
derivatives against x-rays and against HN2 have been demonstrated. 


MATERIALS AND METHODS 


As in previous experiments on the toxicity of cysteamine and related compounds,'* 
the animals used in the study on the influence of GSH on the lethal effect of cysteamine 
were inbred “‘street’’ mice, divided into groups of 6 with an equal number of males 
and females; their weights ranged from 21 to 27 g and averaged about 24 g in the 
individual groups. 

In the experiments on the protection against x-rays and HN2, groups of 10 inbred 
C,H mice, aged about 2 months, were used; each group consisted of an equal number 


of males and females weighing from 17 to 23 g, the average weight of the animals in 


the individual groups being about 20 g. 

The chemical compounds used in the experiments were: cysteamine from the 
pharmaceutical factory ““Fluka”’, Buchs, Switzerland ; hydrochlorides of the cysteamine 
derivatives and aminoethyl/sothiouronium-hydrobromine (AET) synthetized by the 
Institute of Chemistry of the University of Copenhagen (Professor K. A. Jensen); 
glutathione from Hoffmann-la Roche & Co., Basel; and hydrochlorides of tryptamine 
and tyramine supplied by E. Merck, A.G., of Darmstadt. 

Before use, all SH compounds were titrated iodometrically by the method 
of Woodward and Fry.*° 

Immediately before use, the compounds were dissolved in physiological saline; 
if necessary, the solutions were neutralized by addition of NaOH or HCl. 

The nitrogen mustard used was “Erasol”’, supplied by A/S Ferrosan, of Copenhagen. 
Each ampoule contained 10 mg of methyl-bis-beta-chloroethylamine-hydrochloride 
(HN2) dissolved in | mg of absolute alcohol. Before use, the desired dilution was 
prepared by adding physiological saline to the contents of the ampoule. 

The x-irradiation was performed at the Radium Centre for Jutland, Aarhus 
Municipal Hospital, with a Philips 250 kV unit (250 kV, 15 mA; filter 0-25 mm Cu; 
distance 60 cm). 

All doses were measured in air by means of a Philips universal dosimeter; the 
dosage rate was usually about 85 r/min., but lower in a few experiments. In cases 
where a lower dosage rate was used, this is stated in the tables. During the exposure, 
the mice were placed in perforated plastic tubes of a length of 10 cm and a diameter 
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of 3 cm. Eleven plastic tubes were arranged radially on a circular board, and 10 animals 
were irradiated at a time: the ionization chamber of the dosimeter was inserted into 
the eleventh tube. 


RESULTS 


A. Influence of glutathione on the lethal effect of cysteamine in mice 

The effect of only one dose of glutathione, viz, 36 mg, which are equimolar to 
9 mg of cysteamine base, was studied in these and subsequent experiments, After 
dissolution in 0-5 ml of physiological saline and neutralization with NaOH, GSH was 
injected intraperitoneally. After dissolution in 0-2 ml of physiological saline and 
neutralization with HCl, cysteamine was injected, likewise intraperitoneally, 15 min 
later. 

In parallel experiments, the effect was studied when the same amount of GSH 
was mixed with the same amount of cysteamine in vitro and injected intraperitoneally 
after standing for 15 min. In a control group, an injection of 0-5 ml of physiological 
saline was given 15 min before the cysteamine injection. 

Each group consisted of only six “street” mice. The LD,» had previously been 
determined as about 6-5 mg of cysteamine base/mouse. 

The results are shown in Table |. It is seen that GSH gives good protection against 
the lethal effect of 7, 8 and 9 mg of cysteamine base, while it does not afford any 
definite protection against a dose of 10 or 11 mg. It should be noted that | out of 
6 mice survived a dose of 9 and even of 10 mg, which was quite unexpected. 


TABLE 


Survivals out of 6 mice after Total 
cysteamine number of 


Intraperitoneal injections surviving 
7mg Smg 9mg Yme 10mg il meg_ mice 


36 mg GSH 15 min before cysteamine 6 5 6 5 l 0 23 
36 mg GSH mixed with cysteamine in vitro 6 6 3 » l 0 21 
0-5 ml physiol. saline 15 min before cysteamine I 0 0 l I 3 


* § out of 5 


However, a comparison of the total of survivors in the first group (23 mice) and 
the corresponding figure in the unprotected group (3 mice) in Table | shows that the 
protective action of GSH is strongly significant (y* = 24-5; P<0-001). 


B. Influence of glutathione on the protective effect of cysteamine against nitrogen 
mustard (HN2) in mice 

In these experiments, 36 mg of GSH was injected intraperitoneally into 10 C,H 
mice, 10-15 min before the injection of 3 mg of cysteamine base. After the lapse of 
another 10-15 min a subcutaneous injection of HN2 was given in the nuchal region. 
The LD,,., of HN2 had previously been determined as 0-11 mg in animals of the 
same strain, age and weight distribution.'* 

In all experiments, the protective effect of cysteamine alone, of GSH alone, and the 
survival rate after injection of the dose of HN2 used without preceding protection, were 
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also studied. Thus, each experiment comprised 4 = 10 mice, and four experiments 
with the following HN2 doses were performed: 0-11, 0-125, 0-143 and 0-167 mg. All 
animals were given three injections, the cysteamine and/or GSH injection being 
replaced by an injection of the same amount of physiological saline. 

The results appear from Table 2, in which the numbers of surviving animals in 
each group of 10 are stated. 

It is seen that GSH plus cysteamine give a protection which is significantly better 
than that afforded by cysteamine alone. (Application of the x? test “corrected for 
discontinuity” to the totals of the two groups (32 and 21 animals) gives x? = 5-6, 
corresponding to 0-02 >P>0-01.) 


Survivals out of 

10 mice after HN2 Total number 

Intraperitoneal injections before HN2 of surviving 
O13 O14 O17 mice 

mg mg mg mg 


36 mg GSH 10 min before 3 mg cysteamine 10 
0-5 ml physiol. saline 10 min before 3 mg cysteamine 9 
36 mg GSH 10 min before 0-2 m! physiol. saline 8 
0-5 ml physiol. saline 10 min before 0:2 ml! physiol. saline I 


Thus, GSH increases the protection afforded by cysteamine against HN2. Further- 
more, it appears that 36 mg of GSH gives roughly the same protection against HN2 
as 3 mg of cysteamine, i.e. GSH must be given in molar amounts which are three 
times as high as that of cysteamine in order to yield the same protection against HN2. 


C. Influence of glutathione on the protection of cysteamine against X-rays in mice 

The experimental set-up was the same as that mentioned under (B), the only 
difference being that the HN2 injection was replaced by total-body irradiation given 
3-8 min after the last of the two intraperitoneal injections. 

However, the protective effect of GSH alone and the survival rates after no preceding 
treatment other than saline injections were studied only for the two lowest x-ray 
doses, since all animals in the two groups would probably have died on exposure to 
the higher doses. 

The results appear from Table 3, in which the numbers of surviving animals in 
groups of 10 are shown. Doses ranging from 775 to 1000 r were given; as the dosage 
rates varied to some extent, these are stated in all the experiments. It is seen that a 
total of 51 out of 80 animals survived in the group which had been pretreated with 
cysteamine plus GSH, as against 55 out of 80 which had been given cysteamine 
only. 

There is no significant difference between the two groups, i.e. GSH does not seem 
to exert any influence on the radioprotective action of cysteamine. 

In addition, it appears from the experiments that 36 mg of GSH does not afford 
any definite protection against a LD,o,. of x-rays (800 r = LD,,); thus, GSH seems 
to give less protection against x-irradiation than against HN2. 
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TABLE 3 


Total 
Survivals out of 10 mice after: number of 
surviving 
mice 


Intraperitoneal injections 
before irradiation 825 8751 9251 9251 975 1000r 


36 mg GSH 10 min before 8 
3 mg cystcamine 

0-5 ml saline 10 min before 10 : 55 
3 mg cystcamine 

36 mg GSH 10 min before 
0-2 ml saline 

0-5 ml saline 10 min before 
0-2 ml saline 


Dosage rate in r min 


D. Protective action of some cysteamine derivatives against X-rays and HN2 in mice 

In a previous paper,'* the results of a study on the protective effect of a number of 
cysteamine derivatives against a LD,,., of HN2 were published. It was found that it 
would be of interest to compare the protection against x-rays and HN2 afforded by 
some of these derivatives. 

The results of some of these experiments are shown in Table 4. While the preliminary 
investigations'* suggested that the protective effects of N-dimethylcysteamine, N- 
isoopropylcysteamine and N-propylcysteamine are superior to that of cysteamine, 
it is seen from Table 4 that the four compounds, when used in equimolar amounts, 
have almost the same protective effect against HN2. Koch and Hagen" claimed that 
the protective effect of cysteamine is increased by substitutions with methyl, ethyl or 
propyl groups on the amino group. This does not seen to hold good as far as the 
protection against HN2 is concerned. On the basis of the present experiments, it is 
impossible to say whether the statement holds for the radioprotective effect, but 
neither N-isopropylcysteamine nor N-propylcysteamine seems to have a better 
radioprotective effect than cysteamine. (However, the molar dose of N-propyl- 
cysteamine used was slightly lower than that of cysteamine.) 


TABLE 4 


Survivals out of 10 mice 
Dose 30 days after: 
Compound 


(mg mouse) (“moles/mouse) HN2 (0-11 mg) | 750r 800 r 


Cysteamine 1-0 , 6,4 10 10,4 
S-methylcysteamine 15-0 2 8 l 
N-dimethylcysteamine 1-82 
N-isopropylcysteamine 20 
N-propylcysteamine 1:75 6, 
N-butyl-a-methylcysteamine 1-5 

N-hexyl-a-methylcysteamine 1-0 

N-benzyl-cysteamine 20 

N-8-mercaptoethylpiperidine 0-625 0, 
N-8-mercaptoethylmorpholine 40 0 


a 


Controls 0, 1,0,0,0,0,0,1 4,4,3 1,0,0,1,0 


* | mouse died during irradiation. 
* 2 mice died during irradiation. 
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The radioprotective effect against two doses of roentgen irradiation was studied, 
viz. 750 r, which is somewhat lower than the LD, 9, and 800 r, which is very close 
to LDjo9 (67 out of 70 mice died). The relatively few experiments do not permit 
definite conclusions, but the results presented in Table 4 suggest that the compounds 
which afford protection against HN2 (cysteamine, N-isopropylcysteamine, N- 
propylcysteamine and N-butyl-a-methylcysteamine) also give some protection against 
x-irradiation, while the compounds which do not protect against HN2 (S-methyl- 
cysteamine, N-hexyl-a-methyleysteamine and N-S-mercaptoethylpiperidine) do not 
afford any protection against x-irradiation either. Exceptions from this rule are formed 
by N-benzylcysteamine and N-8-mercaptoethylmorpholine, which do not protect 
against HN2, but nevertheless seem to afford some protection against x-rays. However, 
in this connexion it should be noted that the doses of these two compounds used in the 
experiments were on the verge of the lethal dose, since 1 and 2, respectively, of the 
10 mice died already during the irradiation; it is therefore possible that the effect 
against x-rays may have been excited through an influence on the circulation with 


ensuing tissue anoxia. 

Four survivors in a group of 10 irradiated mice may be taken as an expression of a 
Statistically significant protection. In a total of 7 control groups of 10 mice each, 
which were irradiated with 800 r, | animal in each of 3 groups survived, while all 
animals died in the remaining 4 groups. Thus, as 3 out of 70 animals survived after 
irradiation with 800 r, the probability of the survival of 4 mice in a group of 10 can be 
calculated from the formula: 


x 0 


which gives P = 0-0038. As previously shown,* 3 survivors out of a group of 10 
animals denote statistically significant protection against a dose of 0-11 mg of HN2. 


E. Protective effect of tyramine, tryptamine and aminoethylisothiouronium-hydrobromide 


(AET) against X-rays and HN2 in mice 

The results of comparative studies on the protection against x-rays and HN2 
afforded by these three compounds are shown in Table 5. Tyramine and tryptamine 
were studied in the dosage used by Bacg,' i.e. 10 ~moles/mouse, while AET was 
studied at the dosage level of 4 mg or 14 uzmoles/mouse. 


TABLE 5 


Dose Survivals out of 10 animals 30 days after: 
Compound (mg (umoles 725 775 850 | 950 1050 | 1150 HN2 
mouse) mouse) r r r r r r (0-11 mg) 


Tyramine-hydrochloride 1:73 10 6 3 0 — 0,0 
Tryptamine-hydrochloride 1-96 10 10 10 y i) 3 4 0,0 
S-8-aminoethyliso- 40 14 10 10 9 10 6 3 


thiouronium, 2HBr (AET) 
Controls 
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The results of these studies may be summarized as follows: 

(I) In the dosage used (10 «moles/mouse), tyramine gives a slight protection 
against X-rays, but no protection at all against HN2. 

2) In the same dose (10 «moles/mouse), tryptamine gives very good protection 
against X-rays, but no protection at all against HN2. 

(3) Administered in a dose of 14 »moles/mouse, AET gives a better protection 
against X-rays than tryptamine and affords only slight protection against HN2. 


The protective effect of AET against HN2 was also studied when given in a dose of 


© mg/mouse In one experiment; in this, 8 mice out of 10 survived a LD,,., of 
HN2. 


DISCUSSION 
If, as claimed by Eldjarn and Pihl,® the biological effects of cysteamine are produced 
by a blockage of protein-bound SH groups, it might be conceived that GSH would 
reduce these biological effects, since it is well known that GSH may reactivate SH- 
bearing enzymes after blockage or oxidation of the SH group.* In addition, Pihl and 
Eldjarn* have shown that GSH per se forms mixed disulphides with cysteamine. 

Accordingly, if the toxic effects of cysteamine on isolated cells or on mice consist 
in a blocking of vital SH groups, it might very well be conceived that GSH reduces these 
effects. In a previous paper,!® results which Suggest that GSH reduces the toxicity of 
cysteamine in tissue-culture experiments have been published, and the present results 
seem to show that GSH reduces the lethal effect of cysteamine in mice. 

As GSH does not influence the protective effect of cysteamine against x-rays, and 
increases its protective action against HN2, the investigations just mentioned suggest 
that the toxic and protective effects of cysteamine are not due to the same mechanism. 

In this connexion, it must be stated that we have no definite evidence in support of 
the assumption that the principal point of attack of HN2 is the SH group in the cells, 
and whether inactivation of SH-bearing compounds plays a principal part in the 
biological effects of the x-rays is another question which is open to discussion.” 

Several facts suggest that the principal point of attack of both nitrogen mustard 
and ionizing radiation is to be sought in the synthesis of nucleic acids,*: * even though 
the point of attack in this mechanism of synthesis may be different. 

At the present time, it is impossible to say whether the chemical protection against 
HN2 and that against x-rays are due to the same mechanism. It was hoped that 
comparative studies on the protective effect of a number of chemical compounds 
against X-rays and HN2 would contribute to the solution of this problem. 

The only unquestionable difference in the protection against HN2 and x-rays so 
far observed was revealed in the three amines in group E; specifically, tryptamine 
showed a great difference, with a pronounced radioprotective effect and no protection 
at all against HN2. However, it is possible, as stated by van Bekkum,’ that the biological 
amines exert their radioprotective action through a systemic effect; they may impair 
the circulation and thus cause a reduction in the oxygen tension of the tissues. If this 
be the case, such amines would give protection against x-rays but not against HN2, 
since the oxygen tension affects the radiation effect (fewer oxidizing radicals are 
formed), but not the action of HN2. 

That AET does not only protect against x-rays, but also affords some protection 
against HN2 is in good agreement with the fact that this compound cannot be 
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conceived as a pure amine, since, in solution, it is found as a mixture of various 
forms, including one with a free SH group.!” 

The protective effect of N-8-mercaptoethylmorpholine and N-benzylcysteamine 
against X-rays may possibly be explained in the same way as that of tryptamine, since 
these two compounds were given in doses on the verge of the lethal one. 

As already mentioned, the other cysteamine derivates showed good agreement with 
regard to their protective effect against x-rays and HN2. 

Moreover, after comparative studies the author has concluded that complete 
agreement could scarcely be expected between the protective action against HN2 and 
that against x-rays which is exerted by a series of compounds, even if it is presupposed 
that the mechanism of action is the same. 

As shown in Fig. |, a conspicuous difference was demonstrated in the survival 
times of the mice after a LD,, of x-rays and one of HN2. Follow ing the administration 
of a LD,,.; of HN2, the animals showed an average survival time of 4-9 days, and 
severe diarrhoea usually developed. After a LD,,. of x-irradiation, the average 
survival time was 11-5 days, and diarrhoea did not occur. 


ROE NTGEN 


Fic. 1. Showing the survival time of 96 out of 99 C,H mice dying after subcutaneous injection of 

0-11 mg HN2 and the survival time of 97 out of 100 C,H mice dying after total-body irradiation with 

doses ranging from 775 to 825 r. The deaths were registered every 12 hr after HN2, but only every 
24 hr after irradiation. 


It is well known that animals which are given x-irradiation may die from various 
causes, the most frequent being “intestinal death’, which occurs after 3-5 days,’ 
and “marrow death”, which occurs after 9-15 days, with a peak on the eleventh day.’ 
The findings shown in Fig. | correlated with the premortal symptoms (presence or 
absence of diarrhoea) strongly suggest that in the C,H mice used, the cause of death 
after administration of HN2 is to be sought in intestinal destruction, while after 
x-irradiation death seems to be due to destruction of the bone marrow. If, for example, 
a given compound affords better protection against HN2 than against x-rays, the 
explanation might possibly be that the compound is unevenly distributed in the 
organism, resulting in a higher concentration in the intestinal tract than in the bone 
marrow. 
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It has been shown’ that cysteamine shows an uneven distribution in the organism in 


rats. 

It must therefore be emphasized that a difference disclosed in a comparative study 
on the protective effect against x-rays and against HN2 exerted by a number of 
compounds cannot straightaway be interpreted as a manifestation of a difference in 
the mechanism of the two protective effects. 


Acknowledgement—I am greatly indebted to C. B. MApsen, D.Ph., of the Radium Centre for Jutland, 
Aarhus, for his advice and assistance in the irradiation of the experimental animals used in this 
study 

This investigation was carried out under a Lady Tata Memorial Scholarship. It was also supported 
by a grant from the Research Council of the Danish Civil Defence Board. 


REFERENCES 


.Z. M. Baca, Acta Radiol. 41, 47 (1954) 

. Z. M. Bacg and P. ALEXANDER, Fundamentals of Radiobiology. Butterworths, London (1955). 

.Z. M. Baca, A. Herve, J. Lecomte, P. Fiscuer, J. BLAvier, G. DecHamps, H. Le BIHAN and 
P. Rayet, Arch. internat. de physiol. 59, 442 (1951) 

E. S. G. Barron, Effect of lonizing Radiations on Sulhvdrvyl Systems. Biological Antioxidants. 
Transact. Fifth Confer., Josiah Macy, Jr. Foundation, New York (1951). 

. D. W. VAN Bexkum and J. A. Conen, Proc. Internat. Confer. Peaceful Uses Atomic Energy Vol. 11. 
United Nations, New York (1956) 

. J. A. V. Burver, Ciba Foundation Symposium on Ionizing Radiations and Cell Metabolism p. 300. 
Churchill, London (1956). 

. E. P. Cronkite, V. P. Bonp, W. H. CHAPMAN and R. H. Lee, Science 122, 148 (1955). 

D. G. Douerty and W. T. Burnett, Jr., Proc. Soc. Exper. Biol. N.Y. 89, 312 (1955) 
L. ELDJARN and O. NYGAARD, Arch. internat. de physiol. 62, 476 (1954) 

. L. ELDJARN and A. PIML, Progress in Radiobiology p. 249. Oliver and Boyd, Edinburgh (1956) 
(Proc. 4th Internat. Confer. Radiobiology, Cambridge 1955) 

. G. HerDan, Statistics of Therapeutic Trials. Elsevier, Amsterdam (1955). 

. G. pe Hevesey, Ciba Foundation Symposium on lonizing Radiations and Cell Metabolism p. 300 
Churchill, London (1956) 

R. Kocu and J. HAGen, Discussion of *“Observations on chemical protection in vivo and in vitro” 
by D. W. vAN Bexkum and J. pe Groor. Progress in Radiobiology p. 246. Oliver and Boyd, 
Edinburgh (1956) (Proc. 4th Internat. Confer. Radiobiology, Cambridge 1955) 

. A. Pint and L. ELbJarN, Studies on the mechanism of protection against ionizing radiation by 
compounds of the cysteamine-cysteine group. Advances in Radiobiology p. 147. Oliver and Boyd, 
Edinburgh (1957) (Proc. 5th Internat. Confer. Radiobiology, Stockholm 1956). 

. Q. Quastler, Rad. Res. 4, 303 (1956) 

. P. R. SALERNO and H. L. Friepert, Studies on the Nature of the Protective Actions of Beta- 
Mercaptoethylamine and Cysteine against X-rays and a Nitrogen Mustard. Western Reserve 
University, Atomic Energy Medical Research Project, Cleveland, Ohio. Contract W31-109-eng-78. 
R. SHapirna, D. H. Donerty and W. T. BuRNeTT, Jr., Rad. Res. 7, 22 (1957) 

§. A. J. THERKELSEN, Acta radiol. 49, 49 (1958) 

. A. J. THERKELSEN, Acta path. microbiol. Scandinav. 42, 201 (1958) 

. G. E. Woopwarp and E. G. Fry, J. Biol. Chem. 97, 465 (1932) 


a 
195 
a 
i. 
an 


Biochemical Pharmacology, 1958, Vol. 1, pp. 267-272. Pergamon Press Ltd., Printedin Great Britain 


: EFFET DE LA MESCALINE, DU LSD 25 ET DE DERIVES 
a DE L’ADRENOCHROME SUR LA DECARBOXLYASE 

GLUTAMIQUE DU CERVEAU 

4 G. H. Detour, J. M. GHUYSsEN* et A. CLAUS 


Services de Recherche de la Société des Laboratoires LABAZ, S.A. 
Bruxelles, Belgique 


Abstract—The inhibitory effect of adrenochrome on glutamic decarboxylase from brain 
homogenates in vitro, does not occur with mescaline and LSD 25. Certain stable deriva- 
tives of adrenochrome such as MSCA and AHA, in which the quinonic function is 
blocked, have an opposite effect, and behave like activators of brain glutamic de- 
carboxylase. This activation seems to be indirect; MSCA and AHA do not constitute 
new coenzymes. 


L’eFrFeT inhibiteur exercé par l’adrénochrome et certains de ses précurseurs, comme 
l’oxytyramine et l’adrénaline, sur la décarboxylation de l’acide glutamique en acide 
y-aminobutyrique par les extraits cérébraux, ont incité Holtz et Westermann! 2 a 
postuler une relation éventuelle entre cet effet et le pouvoir hallucinogéne attribué 
a l’'adrénochrome par Osmond, Smythies et Hoffer.*: 

Quoique l’adrénochrome puisse également inhiber d’autres processus enzymatiques 
cérébraux tels que la glycolyse aérobie,® ’hypothése suggérée par Holtz et Westermann 
semble particuli¢rement intéressante étant donné le réle de plus en plus important 
attribué a l’acide y-aminobutyrique dans la biochimie et la physiologie du systéme 
nerveux central. 

L’effet hallucinogéne de l’adrénochrome étant trés controversé, nous avons voulu 
voir quel serait l’effet sur la décarboxylase glutamique cérébrale: 

(1) D’agents typiquement hallucinogénes comme la Mescaline ou la diéthylamide 
de l’acide lysergique (LSD 25). 

(2) De substances ne différant de l’adrénochrome que par le blocage d’une fonction 
quinonique, et pour lesquelles il n’a jamais été observé d’effet hallucinogéne, méme 
a trés forte dose. 


MATERIEL ET METHODES 


L’adrénochrome, la monosemicarbazone de l’adrénochrome (MSCA) et l’acéthydra- 
zone de l’adrénochrome (AHA) répondant aux formules figurées ci-contre ont été 
préparés dans notre Laboratoire de Chimie par MM. Beaudet et Hénaux. Toutes les 
solutions sont préparées extemporanément malgré la trés grande stabilité de MSCA 
et la relative stabilité de AHA. 


* Adresse actuelle: Laboratoires de Microbiologie générale et médicale de l'Université de Liége, 
32 Bvd. de la Constitution, Liége, Belgique. 
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N—CH, 


CH,O 
CH,O 
Mescaline 


Fic. 


Les cerveaux ont prélevés sur des souris blanches, adultes, tuees par dislocation 
de la vertébre cervicale, et des homogénéisats sont réalisés en tampon phosphate 
0,05 M pH 6,2. La vitesse avec laquelle s‘effectue la décarboxylation de l’acide 
glutamique par ces homogénéisats, additionnés, isolément ou non suivant le cas, de 
phosphate de pyridoxal (PP), des substances hallucinogénes ou des adrénochromes 
bloqués, est mesurée par la méthode manomeétrique de Warburg, a 38°C et en atmo- 
sphére d’azote, selon la technique deécrite par Roberts et Frankel.® 

Dans chaque cas, le volume contenu dans la fiole manométrique est de 2,5 ml, dont 
2 ml sont constitués par le tampon phosphate. 

Dans certains cas spécifiés, la décarboxylase cérébrale a été purifi¢e par salting-out 
au sulfate ammonique et dialyse. A cet effet, 4 un volume d’homogeéneisat clarifi¢e 
par centrifugation, on ajoute trois volumes d'une solution saturée de sulfate 
ammonique. Le précipité recueilli est remis en solution dans un volume d'eau égal 
a celui de homogeénéisat centrifuge. La solution est dialysée contre eau distillée, 
puis concentrée en placant le sac de dialyse dans un courant d’air froid. La solution 
concentrée est enfin ramenée a la moitie du volume de homogenéisat centrifuge, 
par un tampon phosphate tel que la concentration finale en phosphate soit 0,05 M. 
Toutes ces opérations, excepte la concentration, sont réalisées 4 2 °C. 


RESULTATS 
Effets in vitro 

Aux concentrations de 2.10~*, 2.10~°, 2.10-*M, le LSD 25 et la mescaline sont 
sans effet sur la vitesse de décarboxylation observée lors de l'incubation des extraits 
cérébraux et d’acide glutamique (0,004 et 0,04M), éventuellement associé a 30 y/ml 
de PP. 

Le MSCA et AHA augmentent la vitesse de decarboxylation de l’acide glutamique 
par les extraits cérébraux. Le tableau | indique le dégagement d’anhydride carbonique 
par incubation de 500 mg de cerveau frais en présence d’acide glutamique et de 
quantités variables de PP ou d’-AHA ou de MSCA pendant 210 minutes. 

Ajoutés séparéement a l’extrait cérébral, le MSCA, le AHA et le PP apparaissent 
comme étant des activateurs de la décarboxylation de plus en plus efficaces, L’un 
et l'autre présentent une concentration limite 4 laquelle correspond une vitesse 
maximale de la réaction et qui se situe aux environs de 20 y/ml pour le PP et le MSCA 
et de 5 y/ml pour le AHA. A ces concentrations limites et dans les conditions expéri- 
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TABLEAU | 


Nature de lactivateur 
Concentration ——————— 
de l’activateur Phosphate de Acéthydrazone Monosemicarba- 
(10-* M) pyridoxal de l’adréno- zone de Il’adré- 
chrome nochrome 


100 96 


155 
158 


Décarboxylation de l'acide glutamique, mesurée en «l de CO, 
dégagé aprés 210 minutes d’incubation de 500 mg de cerveau 
additionnés d’acide glutamique (0,04 M) et de quantités 
variables d’activateur 


mentales présentes, les quantités de CO, dégagé en présence de PP, de AHA et de 
MSCA sont respectivement 4,9, 2,5 et 2 fois supérieures a celle observée en l’'absence 
d’activateur autre que la quantité de PP normalement contenue dans l"homogénéisat 
cérébral brut. 

En représentant par c la concentration (en 10-*M) en PP ajouté a l"homogénéisat 
cérébral et par et aar) les quantités de CO,, en ul, dégagées 
respectivement, en l’absence de tout activateur volontairement ajouté, et en présence 
de concentrations variables en PP, d'une concentration fixe en adrénochrome bloqué 
a 175. 10-*M et des associations (adrénochrome bloqué (175.10-*M) + PP (con- 
centrations variables)), la fonction: 

y = (ul — — — — — = 
représente la différence, exprimée en yl de CO,, entre d’une part l’activation provoquée 
par l'association de l’'adrénochrome bloqué et de PP, et d’autre part, par la somme 
des deux activations individuelles. 

L’expérience nous a montré que y est toujours négatif. Les activations par les associa- 
tions (PP + MSCA) et (PP + AHA) sont compeétitives. Chacun des trois activateurs 
étudiés agirait donc au niveau des mémes centres actifs de la décarboxylase. D’ailleurs, 
lorsque l’extrait cérébral est additionné d’une quantité de PP telle que l’enzyme soit 
saturé, l’'addition supplémentaire de MSCA par exemple, n’augmente plus la vitesse 
de la décarboxylation de l’acide glutamique. Dans ces conditions, y a atteint une 
valeur négative | imite: 


(41 ) 
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La cinétique de la décarboxylation de l’acide glutamique a été étudiée en présence 
de AHA et de MSCA. Fig. 2 montre, en particulier, le dégagement de CO, en pl, en 
fonction du temps lorsque l’acide glutamique (0,04M) est incube—présence d’extraits 
cérébraux en quantités variables, additionnés ou non d'une quantitée fixe de AHA 
égale 4 100.10-*M. 


Fic. 2 


Pour une quantité donnée d’adrénochrome “bloqué”’, l’activation dépend de la 
quantité d’extrait cérébral. Associé 4 100 mg de cerveau frais, le AHA est pratiquement 
sans effet sur la vitesse de la réaction (courbes V et C). Associée 4 200 et 500 mg de 
cerveau frais, la méme quantité de AHA multiplie la quantité de CO, dégage apres 
160 minutes d’incubation par un facteur respectivement égal a 1,7 et 2,5. 

L’effet activateur du AHA et du MSCA ne se manifeste qu’aprés un certain temps 
d’incubation. Si l'on excepte ces premiers temps de réaction, la cinétique de la dé- 
carboxylation de l’acide glutamique représentée sur la Fig. 2 peut s’exprimer par 


Awl = 5,9 10-*, A 


ou 4 ¢ est l’intervalle de temps en minutes et x le poids de cerveau frais en mg. La 
réaction est d’ordre | par rapport au temps d’incubation. Elle est du second ordre par 
rapport a la concentration en homogeén¢éisat cérébral. 

Aprés salting-out et dialyse, l'apoenzyme inactif par lui-méme, est activable par 
le PP, mais ne l’est pas par le AHA ou le MSCA. 
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Effets in vivo 

L’activation de la décarboxylase glutamique cérébrale par les adrénochromes 
bloqués semble étre réalisable in vivo. En effet. les homogénéisats de cerveau prélevés 
une heure aprés une injection intrapéritonéale de 500 mg/kg de AHA chez la souris. 
manifestent une activité décarboxylante supérieure a celle des cerveaux de souris 
non traitées, les deux homogénéisats étant ou non additionnés de PP. De plus, une 
telle injection protége, de facon faible mais significative, les souris contre la mort par 
convulsion que provoque I’injection intraperitonéale de thiosemicarbazide et dont 
le mécanisme résiderait, selon Killam et Bain’: * dans une inhibition du systéme 
décarboxylase glutamique-phosphate de pyridoxal. 


Deux lots de 100 souris ont regu par voie intraperitonéale 15 mg/kg de thiosemi- 
carbazide. Deux heures auparavant, un des lots avait regu 500 mg/kg de AHA. Le 
temps s’écoulant entre l’injection de la carbazide et la mort a eté déterminé indi- 
viduellement. Le temps moyen de survie a été de 87 minutes (erreur standard 
corrigée: 4) pour le lot non traité, et de 106 minutes (erreur standard corrigée: 2,5) pour 
le lot traité par le AHA. 


DISCUSSION 


L*étude de l’influence exercée éventuellement par la mescaline et le LSD 25 sur la 
décarboxylation de l’acide glutamique par les extraits cerébraux, nous a été suggérée 
par l’analogie proposée par de nombreux auteurs®-"? entre l’effet de ces substances et 
ceux de l’adrénochrome sur les mécanismes neurohumoraux adrénergiques centraux. 

Nos expériences montrent que ni la mescaline ni le LSD 25 ne provoquent I’inhibi- 
tion de la décarboxylase glutamique cérébrale, que Holtz et Westermann constatent 
avec l’adrénochrome, et a laquelle ils suggérent que l’activité hallucinogéne peut 
étre rattachée. 

En ce qui concerne I’adrénochrome proprement dit, il ne nous a pas été possible 
d’effectuer une expérience dans laquelle nous soyons assures que l’adrénochrome ne se 
soit pas oxydé pendant le laps de temps nécessaire pour obtenir un dégagement de 
CO, mesurable. Il reste done un doute quant a l’attribution de cette inhibition a 
l’adrénochrome méme ou I’adrénochrome seul. 

A linverse de ce que Il’on observe avec l’adrénochrome, les adrénochromes stabilisés 
par le blocage de la fonction quinonique, activent la décarboxylation de l’acide 
glutamique par les homogénéisats de cerveau. Ces dérivés de l’'adrénochrome ne 
semblent pas constituer de nouveaux coenzymes, car l'apoenzyme purifié n’est pas 
réactivable en leur présence. 

L’activation doit se faire par une voie indirecte. La cinétique de la décarboxylation, 
en présence de AHA, par exemple, étant du deuxiéme ordre par rapport a la concentra- 
tion en extrait cérébral, peut s’interpréter par la présence dans celui-ci de deux 
activateurs: le PP, coenzyme naturel, et un autre dont la manifestation de l’activité 
requiert la présence de AHA ou d'une substance de structure analogue. Cette activation 
se constatant aussi in vive, nous disposons 1a d’un moyen d’augmenter la rapidité 
de la conversion de l’acide glutamique en acide y-aminobutyrique, fait qui ouvre de 
nouvelles possibilités expérimentales. 
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Toute considération théorique mise 4 part, peu aprés notre communication pré- 
liminaire,”* nous avons voulu nous rendre compte de l’effet hallucinogéne de l’adréno- 
chrome. L’un de nous a regu par voie intraveineuse, 10, puis 20 mg d’adrénochrome 
fraichement préparé, sans ressentir aucun trouble subjectif ni présenter le moindre 
signe objectif. Notre manque de compétence dans le maniement des tests permettant 
d’extérioriser des modifications de la perception ou de lideation, explique peut-étre 
la divergence de nos résultats avec ceux de l’école canadienne ;*: * ils sont cependant 
en accord avec ceux de Sobotka," qui a utilisé des doses encore plus élevées que nous, 
sans effet apparent. 

Enfin rappelons a ce sujet que les adrénochromes bloqués, comme le MSCA et 
l'AHA, qui peuvent étre administrés en quantités considérables en raison de leur 
trés large index thérapeutique, ne provoquent aucun phénoméne du type halluci- 
natoire. 


RESUME 
Le LSD 25 et la mescaline sont sans effet sur la décarboxylation de l’acide glutamique 


par les extraits cérébraux in vitro, 
La monosemicarbazone (MSCA) et l’acéthydrazone (AHA) de l’'adrénochrome 


activent cette décarboxylation. Ils ne constituent pas des coenzymes nouveaux. Les 
centres de l'apoenzyme indirectement activés par l'un et par l'autre, semblent étre 
identiques 4 ceux qu’active le phosphate de pyridoxal. 
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Abstract—The effect of fluoroinhibitors on the oxidative phosphorylation of rat liver 
mitochondria has been studied. Fluoroacetate per se had no effect, while synthetic 
fluorocitrate and fluoropyruvate directly interfered with phosphorylation. This inter- 
ference is partially due to an increase in nucleotide destruction. The phosphate esterifica- 
tion during the oxidation of DPNH was depressed while respiration was stimulated by 
fluorocitrate without concomitant swelling of the particles. However, the respiratory 
stimulation showed no correlation with the phosphorylating efficiency of the mito- 
chondria. In pretreated mitochondria, incapable of phosphorylation, fluorocitrate 
further increased the oxidation rate of DPNH indicating an effect on the permeability 
of mitochondrial membranes. 


INTRODUCTION 
IT HAS BEEN reported previously! that the addition of fluoroacetate, fluoropyruvate or 
fluorocitrate to preparations of rat liver mitochondria lowers the phosphorylating 
ability of the particles, and evidence has been presented to show that an increased 
dephosphorylation of adenine nucleotides accompanies and may be related to this 
effect. 

The present study deals in detail with the effects of these fluorocompounds on the 
P/O ratios associated with the oxidation of fumarate and of DPNH? by rat liver 
mitochondria and suggests an explanation for the previously conflicting observations 
on the effect of fluoroacetate on the processes of oxidative phosphorylation.* 


EXPERIMENTAL 

Mitochondria were prepared from the livers of male white Wistar rats of 200-300 g 
by the method of Smith* modified by using 0-25 M sucrose in place of mannitol. In 
all cases animals were fasted overnight for 15-18 hr prior to sacrifice. 

Oxygen consumptions were measured by the direct Warburg technique at 37°C in 
air. The standard reaction mixture used in the determination of oxidative phosphoryla- 
tion was: 25 umoles of potassium phosphate buffer at pH 7-28, 30 wmoles of KF, 
120 umoles of KCI, 6 umoles of MgCl,, 40 wmoles of Tris at pH 7-28, 750 umoles of 


* This investigation was supported in part by an Institutional Grant from the American Cancer 
Society, by Research Grants B-608 and B-1159 from the National Institute of Neurological Diseases 
and Blindness of the Public Health Service and C-3103 and C-3635 from the National Cancer Institute 
of the Public Health Service. 

+ The following abbreviations will be used throughout: DPNH, reduced diphosphopyridine 
nucleotide; ATP, adenosine triphosphate; Tris, tris(hydroxymethyl) aminomethane. 
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sucrose, 0:5 or 5 «moles of ATP and substrate, as indicated: all materials were ad- 
justed to pH 7-28 before they were added to the flasks. The trapping system consisted 
of 50 umoles of glucose and 0-5 mg (82 K.M. units) of hexokinase, and was added 
from the sidearm. Mitochondria from approximately 300 mg of rat liver were added 
to give a final volume of 3 ml. The fluorocompounds were added either directly to the 
flasks initially or from a second sidearm, as indicated in the text. After 5 min equilibra- 
tion, except where otherwise indicated, the manometers were closed, the trapping 
system tipped and the respiration measured for 15 min. The flasks were then rapidly 
placed in an icebath and 0-5 ml of 20 per cent trichloroacetic acid added to stop the 
reaction. After centrifugation, inorganic phosphate determinations were made on the 
supernatant fractions by the method of Gomori;' zero-time controls were made in 
the usual manner. 

The adenine and pyridine nucleotides were obtained from the Pabst Laboratories: 
sodium fluoroacetate was purchased from the Tull Chemical Company, Oxford, 
Alabama and was further purified. Fluoropyruvic acid was synthesized according to 
the method of Gal, Peters and Wakelin® and was found to react with L-cysteine as 
described by Avi-Dor and Mager,* but did not inhibit crystalline lactic dehydrogenase, 
as has been reported by Busch.’ Fluorocitrate was synthesized by the method of 
Rivett.* 


RESULTS 
Effect of fluoroacetate on the P/O ratio with fumarate 
The effect of fluoroacetate on the P/O ratio associated with the oxidation of fumarate 
can be seen in Table |. It must be emphasized here that in these experiments the 
fluoroacetate was not placed in the sidearm, but was added initially to the flasks; 


TABLE |. EFFECT OF FLUOROACETATE ON P/O RATIO 


ptlake 
Incubation time Oxygen 
ons to system Phosphorus 
(min) (atoms) 
(umoles) 


10 
10 
20 
20 


Vessels contained 0:5 umoles of ATP, 25 umoles of fumarate and other 
constituents as in the standard reaction mixture (see “‘Experimental”’). Sodium 
fluoroacetate at a final concentration of 3-3 10°°M was added to the iced 
flasks initially. The trapping system was added after 5 min equilibration 


after 10 min incubation under these conditions the respiration was somewhat depressed 
by fluoroacetate with a concomitant marked decrease in the phosphorus esterified, 
and after 20 min the effects became even more marked. During the course of very 
many experiments in which the effect of fluoroacetate on respiration, rather than on 
phosphorylation, was studied, a considerable variation occurred in the time taken for 
the fluorocompound, when added intially to the flasks, to produce appreciable inhibi- 
tion of the respiration; this variation has not been actively investigated. It should be 
mentioned also that although fluoroacetate has consistently produced a depression in 
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the P/O ratio in the fumarate systems, occasionally the interference with phosphoryla- 
tion occurred before any noticeable inhibition of respiration was observed;! this 
indicated that in some mitochondrial preparations the phosphorylation system had a 
greater sensitivity to the fluoro compound than did the respiratory enzymes. 

Since it had been reported that fluoroacetate had no effect on oxidative phosphoryla- 
tion,” further experiments were performed to ascertain the possible relationship of the 
time of addition of the fluoroacetate to the observed action of this compound (Table 2). 


TABLE 2, EFFECT OF FLUOROCOMPOUNDS ADDED PRIOR TO AND SIMULTANEOUSLY WITH 
HEXOKINASE, ON P/O RATIO 


Uptake 
Phosphorus P.O 
(umoles) 


Oxygen 


Additions to system 
(watoms) 


None 15-9 2:12 
Fluoroacetate, added simultaneously with hexokinase 1-49 
Fluoroacetate, added 5 min prior to hexokinase of 0-62 
Fluoroacetate, added 10 min prior to hexokinase : 4 0-74 


None 2:23 
Fluorocitrate, added simultaneously with hexokinase - 0-61 
Fluorocitrate, added 5 min prior to hexokinase 0-70 
Fluorocitrate, added 10 min prior to hexokinase 0-60 


Conditions as in Table | except that hexokinase tipped in all cases after 10 min preincubation. 
Final concentration fluoroacetate was 3:3 10-*M;; fluorocitrate, 5 x 10-*M. 


In these, fluoroacetate was added to the iced flasks initially with the substrate, or 
added from the sidearm 5 or 10 min after the flasks were placed on the bath; here a 
10 min equilibration period was employed, at the end of which time the trapping 
system was tipped and the respiration and phosphorylation were measured. It can 
be seen that the introduction of fluoroacetate to the system prior to the addition of the 
glucose—hexokinase trap is necessary for appreciable action of this compound on the 
phosphorylation processes; it may be noted also that the effect is the same whether 
the fluoroacetate is allowed to react for either 5 or 10 min prior to the addition of the 
trapping system. These results suggest that the competition between fluoroacetate and 
the trapping system for the available ATP is an important factor in determining the 
effect produced by fluoroacetate, and imply that fluoroacetate per se has little effect 
on phosphorylation, prior to its activation and subsequent condensation to fluoro- 
citrate. In keeping with these views are the data (Table 2) showing that the effect of 
fluorocitrate on such systems has little relationship to the sequence in which this 
compound is introduced into the flasks. Similar results (unpublished) have also been 
obtained with fluoropyruvate, which likewise appears to act directly on phosphorylation 
pathways. 


Effect of concentration of fluorocompounds on P/O ratio 

Studies on the effect of various concentrations of fluorocitrate and fluoropyruvate 
on oxidative phosphorylation (Table 3) indicate that with fumarate as substrate, 
fluorocitrate at 10-* M has an appreciable effect on both the oxygen and phosphorus 
uptakes, and results in a marked depression of the P/O ratio. The effect on the P/O 
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TABLE 3. EFFECT OF CONCENTRATION OF FLUOROCOMPOUNDS ON P/O RATIO 


Uptake 
Phosphorus 
(umoles) 


Oxygen 


Additions to system (uatoms) 


None 14:3 
Fluorocitrate, 10-°*M 


Fluorocitrate, 10-*M 
Fluorocitrate, 10-*M 


4 


None 

Fluoropyruvate, 3:3 10°-*M 
Fluoropyruvate, 3-3 10 °M 
Fluoropyruvate, 3-3 « 10°*M 


D> 


Conditions as in Table | except that fluorocompounds tipped from 
sidearm simultaneously with addition of hexokinase. 


is smaller at 10-* M and is almost absent at 10-* M. Since occasionally the use of 
fluorocitrate at 10-4 M failed to produce a clearly evident effect on the P/O, a standard 
concentration of § x 10-* M fluorocitrate was employed and was found consistently 
to produce a marked effect on the P/O. It can also be seen from Table 3 that fluoro- 
pyruvate at a concentration of 3-3 « 10-* M inhibited respiration and almost com- 
pletely suppressed phosphorus uptake, while at 3-3 « 10-° M it had only a small effect. 


Effect of level of added ATP on the fluorocitrate action 

Since fluoropyruvate and particularly fluorocitrate have been shown to increase 
the destruction of added adenine nucleotides by rat liver mitochondria,': * it was of 
interest to examine the effect of exogenous ATP concentration on the action of fluoro- 
citrate. It can be seen (Table 4) that in the system where 5-0 «moles of ATP were 
added, the controls show a somewhat higher P/O than do the corresponding systems 
containing 0-5 «moles of ATP. When fluorocitrate was introduced, the P/O obtained 


Tas.e 4. Errect of ATP ADDITION ON THE FLUOROCITRATE ACTION 


Uptake 
Phosphorus PO 
(amoles) 


ATP added Oxygen 


Additions to system 
(umoles) (natoms) 


one 0-5 9.? ? 07 
Fluorocitrate 0-5 1:16 
None $0 2 230 
Fluorocitrate 50 ; 1:81 


Conditions as in Table | with ATP as indicated. Fluorocitrate at a final 
concentration of § 10°-*M added simultaneously with hexokinase 


is disproportionately higher in the series with 5 ~moles of ATP, indicating that the 
higher concentration of ATP partially suppresses the fluorocitrate effect on 
phosphorylation. It thus appears possible that the increased concentration of added 
ATP raises somewhat the intramitochondrial level of phosphate acceptor and thus 
reduces the disturbance in phosphorylation caused by fluorocitrate. 
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Effect of fluorocitrate on the P/O with DPNH 

In all the foregoing experiments the effect of fluorocitrate on the oxidative phosphoryla- 
tive mechanisms has been obscured to some degree by the inhibition of respiration 
produced concurrently by this agent. To avoid these complications, the effect of the 
fluorocompound on the P/O associated with the oxidation of DPNH was studied. 

Preliminary experiments disclosed that a brief exposure of the mitochondria to 
distilled water or the addition of cytochrome c¢ to the systems produced an increased 
rate of oxidation of DPNH, but that the associated phosphorylation was not greatly 
increased. Therefore, the standard mitochondrial preparation was used, and some 
representative results are shown in Table 5. It can be seen that the P/O values show 
a wide variation and in no instance approach the theoretical value of 3. However, in 
all experiments the absolute phosphorus uptake is depressed by the addition of fluoro- 
citrate while respiration is consistently increased: thus the action of this compound 
on the phosphorylation process is clearly demonstrated. The stimulation of respiration 
consistently produced in these systems by fluorocitrate was thought to occur as a 


result of the uncoupling of phosphorylation. However, the fact that the occurrence of 


such stimulation showed no correlation with the phosphorylating efficiency of the 
mitochondria suggested that fluorocitrate might have an additional action. The action 


Warbure flasks contained the standard reaction m xture with 10 uwmoles of DPNH as substrate 


Fic Effect of fluorocitrate on the oxidation of DPNH by normal and by damaged mitochondria 


incubated at 37 ¢ normal mitochondria ee damaged mitochondria (see text) 


TABLE 5. EFFECT OF FLUOROCITRATE ON P/O RATIO WITH DPNH 


Uptake 
ithons to system Oxveen 
Experiment no Additions to syste 5S Phosphorus PO 
(patoms) 
(~moles) 


None §-2 0-75 
Fluorocitrate 2°4 0-38 
2 None 5-2 1-9 0-38 
Fluorocitrate 5-9 0-2 
3 None 3-7 3-0 0-80 
Fluorocitrate 49 0-6 0-12 


Conditions as in Table | except that 10 «moles of DPNH replaced fumarate as 
substrate. Final concentration of fluorocitrate was § 10°-*M 
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of this compound on the oxidation of DPNH by twice frozen and thawed mitochondria 
was then examined, since such treatment effectively destroyed the phosphorylating 
ability of the particles; the phosphorylation occurring during the oxidation of 
fumarate was measured to ensure that such damage was complete. These results 
indicate (Fig. |) that while the oxidation of DPNH is much faster in the pretreated 
mitochondria, the addition of fluorocitrate further increases the oxidation rate. This 
suggests that fluorocitrate produces some change in the mitochondrial membrane 
over and above that produced by the freezing treatment, such that the entry of DPNH 
is further facilitated. That further damage during the incubation does indeed occur 
is indicated by the continued increase in the rates of oxidation seen in the damaged 
mitochondria. However, although fluorocitrate may act to alter the permeability 
of the mitochondria to DPNH, such effects cannot be correlated with changes in the 
optical properties of the mitochondria, since fluorocitrate has not been found to 
induce swelling of the particles under these conditions. 


DISCUSSION 
Although much work has been done in various laboratories on the mode of action 
of fluorine-substituted metabolites, little attention hitherto has been paid to the 
possible effects of these compounds on processes related to oxidative phosphorylation. 


The experiments presented here show that fluoropyruvate and fluorocitrate affect 
phosphorylation when added in vitro to rat liver mitochondria. Fluoroacetate per se 
appears to have no activity but must undergo a “lethal synthesis” before exerting its 
effect. This ts in accord with the present finding that the action of this compound 
depends greatly on the sequence in which it is introduced into the system, wherein 
competition between the fluoroacetate-activating enzyme and the hexokinase of the 
trap for the available ATP determine the extent to which activation occurs. Judah and 
Rees* found no affect of fluoroacetate on oxidative phosphorylation. However, these 
workers used rabbit kidney mitochondria and presumably added fluoroacetate to 
their systems simultaneously with the trapping system. It is conceivable that these 
mitochondria difier from those of rat liver to the extent that aconitase becomes affected 
by the enzymatically produced fluorocitrate earlier than do the phosphorylation 
mechanisms. Furthermore, it is possible that fluorocitrate does not become homo- 
genously distributed within the mitochondria; a suggestion of this appears from experi- 
ments in which the phosphorylative mechanisms were affected before any inhibition 
of respiration could be seen.! 

It has been shown’ that fluoropyruvate and fluorocitrate cause a reduction in the 
intramitochondrial levels of adenine nucleotides, as well as a stimulation of nucleo- 
tidase activity.’ Since presumably the intramitochondrial levels of such nucleotides 
are of prime importance in governing the rate of phosphorylation, it may well be that 
the addition of larger amounts of ATP, as described here, serves to suppress partially 
the effects of fluorocitrate by stabilizing the intramitochondrial levels of these nucleo- 
tides. It would be expected that the extent of such suppression will depend upon the 
facility with which the endogenous and exogenous nucleotides can exchange. 

The effect of fluorocitrate on oxidative phosphorylation is clearly seen when 
DPNH is employed as substrate. In those experiments this fluorocompound consis- 
tently reduces the amount of phosphorus esterified, with a concomitant stimulation 
in Oxygen consumption, This latter effect is seen whether the mitochondria are a 
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fresh, phosphorylating preparation or one damaged specifically to render the particles 
incapable of phosphorylation. Thus, the increase in respiration in such damaged 
mitochondria is apparently due, not to an uncoupling action of fluorocitrate, but 
more probably to the action of this compound on the mitochondrial membrane 
resulting in a more rapid entry of DPNH. In normal mitochondria, then, it would 
appear that the increased oxygen uptake produced by fluorocitrate in the presence of 
DPNH may be due to this increased permeability to the DPNH, in addition to any 
direct action which may occur by an uncoupling of oxidative phosphorylation. 


SUMMARY 
Fluoropyruvate and fluorocitrate have been shown to affect oxidative phosphoryla- 
tion in rat liver mitochondria, and evidence is presented that fluoroacetate per se has 
not such action. The effect of fluorocitrate on the P/O associated with DPNH oxida- 
tion has been examined. Phosphorus esterification is depressed while oxygen consump- 
tion is stimulated ; however, the latter effect is ascribed, at least in part, to an effect of 
fluorocitrate on the permeability to DPNH. 
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Abstract—The fluorocompounds generally increased the dephosphorylation of adenine 


and pyridine nucleotides. A definite quantitative and qual 


tative difference, however 
existed respect to the pattern of breakdown produced by the fluorocompounds from 


those res through the action of DNP. Enzyme assays demonstrated an enhancement 


} 


of adenine nucleotide dephosphorylase activity by fluorocitrate and fluoropyruvate while 


DPN-ase was not affected. Examination of the inorganic phosphate released 
showed a irked stimulation of AMP dephosphorylation by the fluorocompounds 
at 10-’M concentration, while DNP exerted its effect mainly on the dephosphorylation 
of ATP. The “‘pre-aged” mitochondria displayed a reduced response to fluorocitrate 


ind DNP. An interpretation of the analytical results is presented 


IT HAS BEEN shown previously’ that fluoropyruvate and fluorocitrate affect the phos- 
phorylation processes when added in vitro to rat liver mitochondria, and a preliminary 
investigation has shown that these fluorocompounds affect the level of adenine 
nucleotidase activity of the particles.* 

The work reported here shows that fluoropyruvate and fluorocitrate produce 
alterations in the intramitochondrial levels of both adenine and pyridine nucleotides, 
and that while adenine nucleotide dephosphorylase activity is enhanced, that of 
DPN-ase* is unaltered. Some comparisons are made between the action of fluorocitrate 
and of DNP, and the mechanism of action of the fluorocompounds on oxidative 


phosphorylation and related processes IS discussed, 


EXPERIMENTAI 


Mitochondria were prepared from the livers of male white Wistar rats of 200-300 g, 


as described previously.' All animals were fasted overnight for 15-18 hr prior to 


sacrifice. Pre-aged mitochondria were prepared by the method of Lardy.* Nucleotide 
dephosphorylation activity was measured in a Dubnoff metabolic shaking incubator 


This investigation was supported in part by an Institutional Grant from the Americal Cancer 
Society, by Research Grants B-608 and B-1159 from the National Institute of Neurological Diseases 
and Blindness of the Public Health Service and C-3103 and C-3635 from the National Cancer Institute 
of the Public Health Service 


The following abbreviations will be used throughout: AMP, ADP and ATP. adenine mono-. 
di- and triphosphates; DPN, diphosphopyridine nucleotide; DNP, 2 : 4-dinitrophenol; DPN-ase, 
diphosphopyridine nucleotidase; Tris, tris(hydroxymethyl) aminomethane; adenine nucleotide 
dephosphorylase, the enzyme or enzymes releasing inorganic phosphate from adenine nuclectides 
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at 30°C in air; the reaction system contained 40 «moles of Tris at pH 7-28, 750 umoles 
of sucrose, 120 umoles of KCI, 6 umoles of MgCl,, and 10 u.moles of adenine nucleotide 
neutralized to pH 7-28. The reaction was started by the addition of mitochondria from 
approximately 300 mg of liver, suspended in 0-25 M sucrose, to give a final volume of 
3 ml. After incubation for 20 min, for which time the dephosphorylation rates were 
found to be essentially constant, the flasks were placed in an icebath and 0-5 ml of 


20 per cent trichloroacetic acid was added. After centrifugation, inorganic phosphates 
were determined in the supernatant fractions by the method of Gomori.4 Paper 


chromatographic analyses of the supernatant materials were performed with a solvent 
system of isobutyric acid, ammonia and water.® 


Diphosphopyridine nucleotides were assayed by first extracting the mitochondria 
by the method of Jedeikin and Weinhouse® and then determining the fluorescence of 


the methyl-ethyl ketone derivative’? using the Aminco-Bowman spectrophotofluori- 
meter. Material which proved susceptible to the action of the DPN-ase of Veurospora 


crassa* was taken to be oxidized pyridine nucleotide. DPNH was determined after 
oxidation to DPN with oxaloacetic acid and crystalline malic dehydrogenase. In the 
determination of DPN-ase activity of the mitochondria the DPN was estimated 
spectrophotometrically after conversion to DPNH with ethanol and crystalline 
alcohol dehydrogenase. 


Quantitative measurements of adenine nucleotides were performed spectrophoto- 
metrically after perchloric acid extraction of the mitochondria, followed by separation 
on Dowex-! columns.’ Reagents used were those previously described." 


RESULTS 


Effects on the dephosphorylation of AMP, ADP and ATP 
In Fig. | (a) and I (b) the increase in the release of phosphate from AMP, ADP 
and ATP by fresh mitochondria is shown, in the presence of fluoroacetate, fluoro- 


pyruvate, fluorocitrate and DNP. To facilitate the comparison of data from several 


experiments, the results shown have been corrected for the controls in the absence of 


the added fluorocompounds, and the phosphate values represent percentage changes 


over the respective controls. It can be seen that fluoroacetate has little effect on the 


release of phosphate from any of the nucleotides examined and probably requires 
activation and condensation to fluorocitrate before affecting the phosphorylation 
processes. Fluoropyruvate, however, has a marked effect on the release of phosphate 
from AMP, with smaller percentage stimulation of the ADP and ATP systems. 

The effects of fluorocitrate were also compared with those of DNP in these systems, 
inasmuch as the latter compound has long been known to stimulate the dephosphoryla- 
tion of ATP. It can be seen from Fig. | (b) that both agents evoke an increased 
phosphate release compared with the controls. Fluorocitrate has a marked percentage 
stimulation on the AMP system, with smaller effects on the ADP and ATP systems; 
essentially maximal effects are obtained at concentrations of about 10-5 M and 
increasing the concentration above this value produces little further effect. [t should 
be noted also in Fig. | (b) that, at a concentration of 10-* M, DNP produces somewhat 
less effect than does an equivalent concentration of fluorocitrate. A major difference 
between the effects produced by the fluorocompounds and by DNP appears in that 
the former exert their greatest action on AMP, whereas DNP produces the greatest 
stimulation of dephosphorylation in the ATP system. Another indication that the 
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dephosphorylation systems cannot be maximally stimulated by fluorocitrate has been 
shown by other experiments in which this compound was added together with DNP 
to a system containing ATP; under these conditions the phosphate released was 
always in considerable excess of that released by fluorocitrate alone. 


la) (Fig. 1b) 


Fic. l(a), (b). The dephosphorylation of adenine nucleotides by mitochondria. Flasks contained 

the standard reaction system with 10 wmoles of adenine nucleotide as indicated. Reaction stopped 

after 20 min at 30°C. AMP, @ @. ADP. - ATP Concentration of fluoro- 

compounds and DNP as indicated. Phosphate released from nucleotides by mitochondria in the 
control flasks were (umoles): AMP, 1-20: ADP. 3-31: ATP. 5-88 


A further comparison of the effects of fluorocitrate and DNP is shown in Figs. 2 (a), 
(b) and (c). In these experiments mitochondria were incubated for various periods 
with ATP in the presence of fluorocitrate or DNP, and the reaction mixtures were 


analysed for the adenine nucleotides and adenosine, using the Dowex column fractiona- 
tion technique.” The addition of DNP greatly accelerates the dephosphorylation of 
ATP and ultimately a high level of AMP remains. Addition of fluorocitrate produces 
a much less marked effect; however, the conversion of ATP to ADP is accelerated 
initially. It would appear difficult to interpret these data in terms of the possible sites 
of action of fluorocitrate, since the resynthesis of nucleotides is known to occur. 
e.g. by myokinase activity; however, the results show clearly enough that the pattern 
of nucleotide interconversion is somewhat altered by fluorocitrate. 

It would be expected from these results that some alterations in the endogenous 
adenine nucleotide levels might also be induced by the fluorocompounds, and from 
Table | it is evident that both fluoropyruvate and fluorocitrate reduce somewhat 
the endogenous levels of AMP, ADP and ATP. Since the intramitochondrial levels 
of these nucleotides play a major role in controlling the phosphorylation and respira- 
tion of the particles, it is possible that such alterations produced by the fluorocom- 
pounds are associated with the impaired phosphorylating ability induced by these 
agents.'> * 
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(Fig. 2a) 


(Fig. 2 


«C) 


Fic. 2(a), (b), (c). The interconversion of adenine nucleotides by mitochondria. Each flask contained 
mitochondria from 1-95 g of rat liver, 6-5 umoles of 
MgCl,, KCI and sucrose, in a total volume of 30 ml. Incubated a 
indicated times for 


ATP and standard concentrations of Tris 
2 10-°M 


t 30 C and 3 ml aliquots removed at 


of fluorocitrate, 5 10-°M: DNP, 
ADP. ATP, 


nucleotide assay. Final concentration 


Adenosine, @ @: AMP. 


TABLE |. EFFECT OF FLUOROCOMPOUNDS ON INTRAMITO( HONDRIAL LEVELS OF ADENINE 


NUCLEOTIDES 


Additions to system Intramitochondrial nuclectides 
AMP ADP 


ATP 


(umoles) (umoles) 


None 
Fluoropyruvate, 5 10°-*M 


0-64 
Fluorocitrate, § 10°-*M 


0 
0 0-44 0-38 
0 0-60 0-36 


Mitochondria (25-4 mg N) incubated at 30 C for 30 min with 
additions as indicated. After incubation, the 


nucleotides were 
extracted from mitochondria with perchloric acid. then separated 
on Dowex | columns 


Action of fluorocitrate and DNP on fresh and aged mitochondria 
[t is known’? that fresh mitochondria prepared in an isotonic medium have minimal 
dephosphorylase activity. However, such activity can be markedly increased by a 
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variety of treatments which appear, in general, to disrupt the structural integrity of 
the particles. In this connexion it was of interest to examine the effect of fluorocitrate 
on mitochondrial preparations which had been damaged by the * ‘pre-aging” method 
of Lardy.* In Table 2 the effects of fluorocitrate and of DNP are shown on normal 
and pre-aged mitochondria. The endogenous dephosphorylase of the particles is 
increased by this pre-aging treatment, but the responses to fluorocitrate and to DNP 
are reduced. This would suggest that in the freshly prepared mitochondria fluorocitrate 
may act primarily by inducing some alteration in the structure of the mitochondria 
upon which the level of the dephosphorylase activity depends, rather than by acting 


on the dephosphorylase itself. Additional evidence which could be interpreted 


supporting this view comes from experiments in which it was found that neither 
fluorocitrate nor DNP affects the activ ity of the 5’-nucleotidase of rattlesnake venom." 


TABLE 2. EFFECT OF FLUOROCITRATE AND DNP ON FRESH AND AGED MITOCHONDRIA 


tochondria Aged mitochondria 


Stimulation Phosphate released Stimulation 


} emoles) 


M tochondr 
DNP (10 

Mitochond: 


fluoroc tf 


System as unde 


Further indications that fluorocompounds may produce structural changes within 
the mitochondria derive from analyses of the DPN. TPN and DPNH present in 
mitochondria which have been incubated with fluoropyruvate or fluorocitrate. It 
can be seen from Table 3 that fluoropyruvate induces a lowered level both of DPNH 
and oxidized pyridine nucleotides, with fluorocitrate having somewhat smaller effects. 
However, as the data in Table 4 show, the DPN-ase activity of the mitochondria is 
not enhanced by these agents: indeed, fluorocitrate Suppresses DPN-ase activity 
somewhat. These findings would appear to indicate. therefore. that the fluorocom- 
pounds produce some alteration in the mechanisms w hereby the nucleotides are bound 
to the mitochondri 


TABLE 3. EFFECT OF FLUOROPYRUVATE AND FLUOROCITRATE ON INTRAMITOCHONDRIAI 
PYRIDINE NUCLEOTIDE LEVELS 


DPNH DPN TPN 
(a@flask) (ne@fl isk) 


ropyruvate (10 *M) 
orocitrate (2 10 *M) 


All flasks contained 4-22 mg of mitochondrial N with 
ndard amounts of MeCl.. K¢ Iris and sucrose. In- 
bated 20 min at 30 C, then reaction stopped by chilling 
sks. Nucleotides assaved fluorometrically after extraction 
m mitochondria 


4 
a =| 
— 
: 
Fresh 
ATP 
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TABLE 4. EFFECT OF FLUORO COMPOUNDS ON MITOCHONDRIAL DPN-ASE ACTIVITY 


Additions to system DPN destroyed in 30 min 
(umoles) 


None 1-37 
Fluoropyruvate (2 10-*M) 1-35 
Fluorocitrate (10-4M) 1-00 


All flasks contained 4-65 ymoles of DPN with standard 
amounts of MgCl,, KCI, Tris, sucrose and mitochondria from 
approximately 100 mg of liver. DPN assayed after 30 min 
incubation at 30 ¢ 


Mechanism of action of fluoropyruvate and fluorocitrate 
It has been demonstrated in model systems* that fluoropyruvate undergoes a 


reaction with the sulphydryl group of compounds such as cysteine, leading to a loss 


of fluorine, and we have shown further" that such sulphydryl enzymes as pyruvic 


dehydrogenase and alcohol dehydrogenase are also inhibited by this agent. It would 


appear likely that fluoropyruvate combines with sulphydryl groups within the 


mitochondria and thereby gives rise to some alteration which presumably results in an 


increased dephosphorylase or nucleotidase activity. This view is supported by the 
data shown in Table 5, from which it can be seen that both iodoacetate and p- chloro- 
mercuribenzoate increase the dephosphorylase activity. 


TABLE 5. EFFECTS OF IODOACETATE, P-CHLOROMERCURIBENZOATE, VERSENE AND 
FLUOROCITRATE ON THE DEPHOSPHORYLATION OF ATP 


System Phosphate released 
(umoles) 


Mitochondria TH 
Mitochondria ATP 1odoacetate (10° *M) 3-8 
Mitochondria ATP PCMB 5-4 


Mitochondria 40 


Mitochondria ATP fluorocitrate 5-4 
Mitochondria ATP versene (10° °M) 3-8 
Mitochondria ATP versene (10° 4M) 3-7 


System as under **Experimental”’ 


The mechanism of action of fluorocitrate appears more difficult to characterize. 
This compound has been found not to react with sulphhydryl groups in model 
systems, presumably because of the stability of the C—F bond. Since citrate itself 
is an effective chelating agent, the possibility was also examined as to whether fluoro- 
citrate acts by combining with some metal within the mitochondria. A comparison of 
the action of a chelating agent, Versene, and fluorocitrate on the dephosphorylation 
systems (Table 5) indicates that, in contrast to fluorocitrate. edathamil (Versene) fails 
to stimulate dephosphorylation. 


DISCUSSION 


It may be concluded from these studies that fluoropyruvate and fluorocitrate have 
effects on the systems involved in adenine nucleotide balance in liver mitochondria, 
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in addition to their well documented effects on respiratory enzymes." ™.™ This 
finding necessarily implies that studies on the respiratory mechanisms of complex 
tissue preparations, in which these compounds are used as specific inhibitors, may well 
be complicated by additional effects on phosphorylation and on other systems involving 
these nucleotides. 

The low activity of fluoroacetate in these systems Suggests that this compound per se 
has little activity but that conversion to fluorocitrate is necessary to produce effects: 
the lack of oxalacetate in these substrate-free systems would severely limit the forma- 
tion of fluorocitrate in this manner. Further indications that fluoroacetate itself is 
inactive have been obtained from studies on the conditions necessary to show activity 
of this compound on oxidative phosphorylation.’ 

The observation that the fluorocompounds stimulate the dephosphorylation of 
AMP relatively more than that of ATP is of interest in that DNP does not show this 
characteristic pattern. It must be emphasized, however, that the fluorocompounds 
accelerate the absolute destruction of added ADP and ATP in considerable measure. 
The dephosphorylase activity of the mitochondria cannot be maximally stimulated 
merely by increasing the concentration of added fluorocitrate. because subsequent 


addition of DNP to the same system always evokes a further response. This, with 


foregoing observations, clearly indicates that a difference exists in the modes of action 
of fluorocitrate and DNP 

The further observation that the intramitochondrial levels of ADP and ATP are 
somewhat reduced in the presence of fluorocitrate Suggests that this compound may 
interfere with oxidative phosphorylation by reducing the endogenous phosphate 
acceptor level within the mitochondria; such an hypothesis is in keeping with the 
finding that the effect of fluorocitrate on phosphorylation can be alleviated to some 
extent by increasing the amount of ATP added to the system.' 

It is significant that fluoropyruvate and fluorocitrate produce lowered intramito- 
chondrial levels of both oxidized and reduced pyridine nucleotide, yet do not enhance 
the DPN-ase activity of the particles, as measured by the destruction of added DPN. 
This suggests that the mechanisms whereby the nucleotides are bound to the mitochon- 
drial structure are altered, such that the nucleotides then become susceptible to the 
action of the DPN-ase of the particles. 

While the mechanism of action of fluoropyruvate is most probably that of combining 
with sulphydryl groups within the mitochondria, that of fluorocitrate is evidently 
different, for it has failed to undergo such a sulphydryl interaction in the model 
systems tested. The fact that Versene does not produce increased dephosphorylase 
activity as does fluorocitrate may indicate that the latter compound does not act by 
binding with metals in the mitochondrial matrix; however, it may well be that fluoro- 
citrate can penetrate to metal sites which are not accessible to the Versene. Although 
there thus appears to be a divergence in the action of fluoropyruvate and fluorocitrate, 
it appears that both agents give rise to alterations in the mitochondrial structure which 
then lead to an increased nucleotide breakdown and an impaired binding of pyridine 
nucleotides, 

It is not known to what extent the effects of fluoropyruvate and fluorocitrate 
described in this and the previous report! contribute to the convulsive state produced 
in the intact animal by these agents. Small variations in the amounts of phosphate 
esters in rat brain have been shown to occur after fluoroacetate or fluorocitrate 


7 
a 
l 
195 
. 
tes 
j 
— 


Fluorocompounds and phosphorylation. I! 287 


administration,’® but it appears possible that these changes are not the primary ones 
responsible for the convulsive activity."* On the other hand. the parallel seen here 
between the action of fluoropyruvate and fluorocitrate on mitochondria and the 
ability of both these agents to produce convulsions must not go unmentioned. Although 
essential differences exist in the nature of these convulsions. in that those induced 
by fluorocitrate are invariably followed by death, whereas those effected by fluoro- 
pyruvate often are not fatal, one may speculate that the effects in vitro, described 
here, may have a direct bearing on the actions of these compounds in vivo. 


SUMMARY 


Fluoropyruvate and fluorocitrate have been found to increase the dephosphoryla- 
tion of AMP, ADP and ATP by rat liver mitochondria. Damaging the mitochondria 
by ageing reduces the response to the fluoro compounds. Both agents produce lowered 


levels of intramitochondrial pyridine nucleotides but do not increase the mitochondrial 
DPN.-ase activity ; they also depress the intramitochondrial levels of adenine nucleotides, 
The mechanism of action of these compounds is discussed. 


{Anowledgments—The authors are pleased to acknowledge the excellent technical assistance given 
by Miss Satsuki Uyeno and Miss Irene Rask. 
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THE CYTOCIDAL ACTION OF BARBITURATES ON 
LYMPHOCYTES JN VITRO 


QO. A. TROWELI 


Medical Research Council Radiobiological Unit, Harwell, Berkshire. U.K 


Abstract— Rat lymph nodes were maintained in vitro in a synthetic medium by an organ 
culture technique. The toxic effect of barbiturates was studied quantitatively by counting 
the number of dead lymphocytes after exposure to various concentrations for various 
tumes. Secor was found to be the most toxic, followed by Nembutal Amytal and 
Pentotha n tnat - Barbitone itself was non-toxic under the same conditions 
Evidence 1 t barbiturates produce a specific biochemical lesion (in other tisst cs) 1s 
examined d some proposed antagonists, namely succinate, ascorbic acid and megimide 
were tested. Apart from a small effect of succinate, none of these protected lymphocytes 
atall. It. o found that, compared with barbiturates cole icine and cortisone were 
more toxic, cyanide was about equally toxic, while ethanol, acetone and urethane were 


relatively non-toxic 


THE SPECIFIC sensitivity of lymphocytes to barbiturates was first observed by Lajtha.! 
Using suspension cultures of human bone marrow cells in serum. he found that 
! mM Nembutal killed most of the lymphocytes without visibly affecting any of the 
other cell types present. 

Using rat lymph nodes maintained in vitro ina synthetic culture medium, the author 
has confirmed the specific cytocidal effect of Nembutal on lymphocytes and has 
measured it quantitatively. The effects of other barbiturates in common clinical 
use have been similarly measured and the influence of some supposed barbiturate 
antagonists has been investigated. Comparative data on the lymphocytocidal action 
of cortisone, colchicine, urethane, ethanol, acetone and cyanide are also included. 


METHODS 


The lymph nodes were maintained in vitro for a total period of 4 days using an 
organ culture technique which has been described in detail elsewhere.2 The basis of 
the method is that the cultures are supported at the surface of a fluid culture medium 
on a perforated metal grid, so that they are maximally exposed to the gas phase which 


is 5 per cent CO, in oxygen. The synthetic medium used is called TS: its exact composi- 


tion and preparation have been described elsewhere? and it represents a modified 
Tyrode solution plus 12 essential amino acids, thiamine. p-aminobenzoic acid, insulin, 
phenol red and chloramphenicol. 

The lymph nodes used were usually the lumbar and sacral from 4 w eek-old 
Wistar rats weighing 50-70 g, but in a few experiments the cervical nodes from similar 
animals were used instead. Control experiments showed that, in the case of Nembutal 


288 


. 
2 
q 
q 
q 
q 
rh 
ge 
= 
: 
~ 
4 
4 
+ 


The cytocidal action of barbiturates on lymphocytes in vitro 289 


at any rate, the lumbar, sacral and cervical nodes were equal in sensitivity. Each 
culture chamber contained 15-20 lymph node cultures, each weighing about 2 mg, 
in 5-6 ml of medium. 

Experience with this system has shown? that over the first 6 days in vitro the only 
deleterious changes in the culture medium are the falling glucose concentration and 
the rising acidity (lactic acid). These can be counteracted by addition of appropriate 
volumes of isotonic glucose and isotonic NaHCO, solutions at suitable intervals. a 
procedure which we call “reconditioning” the medium. 

In the experiments to be reported here the cultures were first maintained for 2 days 
in the normal T8 medium. This gives them a chance to settle dow n and allows time for 
disappearance of the few cells which die (from trauma) in the first few hours after 
explantation. After 2 days in vitro the medium was reconditioned by adding 0-2 ml 
of 5-83 per cent glucose and 0-5 ml of 1-36 per cent NaHCO, per 5 ml of medium and. 
after mixing, removing 0-7 ml to restore the original volume. At this point the barbitu- 
rate was added as a small volume (about 0-05 ml) of concentrated solution. The 
barbiturate solutions were made up in distilled w ater just before use and sterilized by 
passage through no. 5 porosity sintered glass filters. The sodium salts taken from 
freshly opened ampoules were used in each case. 

The lymphocytes could not of course be examined during the experiment, they had 
to be fixed and stained at the end. Ata determined time after the addition of barbiturate, 
ranging from 5 to 48 hr in different experiments, all the cultures were removed from 
the chamber and the lymphocytes from each separate culture were quickly fixed, 
stained and preserved by the following procedure. The culture is placed in a small 
drop of serum on a microscope slide: it is then cut up and teased out with fine knives 
to make a free suspension of the lymphocytes; the cell suspension is spread out to 
make a rather thick film which is immediately fixed (wet) by plunging the slide into 
Susa fixative. When all the films have been fixed they are washed, stained with haema- 
lum, dehydrated in 2-ethoxyethanol and mounted in Euparal. 

When lymphocytes die, from any cause, the nuclei undergo pyknosis and these 
pyknotic (dead) lymphocytes persist, in cultures, for many hours before they finally 
disappear by autolysis or phagocytic removal. In the film preparations the pyknotic 
lymphocytes are readily distinguishable from the normal ones and so the percentage 
of the lymphocytes which were dead at the conclusion of the experiment can be 
accurately counted. In normal cultures less than 2 per cent of the lymphocytes are 
pyknotic, but after addition of barbiturate the number increases indicating that 
barbiturate has killed some of the cells, and the percentage of dead cells found at 
standard times after standard doses gives an accurate measure of the effect. A few 
medium and large lymphocytes are present in these cultures but over 99 per cent are 
small ones. 

The percentage of pyknotic lymphocytes in each culture (film) was determined from 
a total count of 500 lymphocytes. The figures for the fifteen to twenty cultures from 
the one chamber were averaged to give the final figure for the percentage of dead 
lymphocytes present at the end of the experiment. In most of the results which follow, 
each point on the curves was determined in this way from a single experiment employing 
one culture chamber. But in the case of some of the more important points the experi- 
ment was repeated once or twice, as a test of consistency, which was found to be good, 
and in these cases the average of all the results is given (Table 1). 
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RESULTS 

Effect of barbiturates 

Figure | shows that after addition of 0-3 mM Nembutal (pentobarbitone) the 
percentage of dead lymphocytes increases linearly with time for the first 48 hr and 
presumably longer. It will be noted that the controls—cultures at the time of adding 
Nembutal and cultures 48 hr after no addition—contain less than 2 per cent of dead 
cells (Table 1). After 48 hr 87 per cent of the lymphocytes are dead though none of the 
reticulum cells are visibly damaged. Some of the lymphocytes show a great ballooning 
and watery vacuolation of the cytoplasm and an irregular lobulation of the nucleus 
just before the onset of pyknosis. It is possible that all the dying lymphocytes go through 


this phase, but not many are seen in the films because the phase is short-lived, being 
terminated by rupture and dissolution of the cytoplasm and pyknosis of the nucleus. 


Fic. |. Percentage of dead lymphocytes (pyknotic count) in lymph-node cultures at time intervals after 
addition of Nembutal, colchicine or cortisone 


The same phenomenon has been seen after poisoning lymphocytes in vitro with cya- 
nide, but not to any extent after cortisone, colchicine or ionizing radiation. 

Different concentrations of Nembutal were now compared, and 48 hr was chosen 
as a convenient (but arbitrary) end point at which to measure the effect. The dose 
effect curve is shown in Fig. 2 together with similarly determined curves for Seconal 
(quinalbarbitone), Amytal (amylobarbitone), Pentothal (thiopentone) and barbitone. 
The numerical data are given in Table |. 

A certain number of reticulum cells are always present in the film preparations and 
it should be mentioned that some of these cells showed damage 48 hr after addition of 
mM Nembutal, Seconal, Amytal or Pentothal, but not to any extent after lower 
concentrations. Damage appeared as cytoplasmic vacuolation with nuclear karyolysis 
or pyknosis. 
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TABLE |. PERCENTAGE OF DEAD (PYKNOTIC) LYMPHOCYTES IN LYMPH NODE CULTURES 
AFTER ADDITION OF VARIOUS CONCENTRATIONS OF VARIOUS BARBITURATES, COMPARABLE 
DATA FOR SOME OTHER CELL POISONS ARE ALSO GIVEN 
(Number of cultures in brackets) 


Hours 
after 
Addition addition 100mM ImM 03mM 0:2mM_= 0-ImM 0-:03m M 0-0lmM 


Nembutal IS 3(20) 
(20) 
8(20) 
97-9115) 88-2(39) 44-2(47) 
Seconal 99-1(20) 96°9(40) 93-6(20) 
Amytal 98-5(40) 56°7(20) 
Pentothal 99-0(40) 41°7(57) 11-4(39) 
Barbitone 16(18)  1°6(17) 
Urethane 1-7(31) 
Ethanol > 1 -6(20) 
Acetone 1-9(17) 
Cyanide 99-1(20) 84-6(40) 66-3139) 8 1-9(40) 
Cortisone 46°1(11) 30-4(12) 
Colchicine 91-4(20) 84-5(20) 


Te 
LAR NCENTR 
Fig. 2. Percentage of dead lymphocytes (pyknotic count) in lymph-node cultures 48 hr after addition 
of various concentrations of colchicine, cortisone or barbiturates: S = Seconal. N Nembutal, 
A Amytal, P Pentothal, B = barbitone. 


Effect of some other poisons 


Figure | shows the time course of the effect of two other rather specific lympho- 
cytocidal agents—colchicine and cortisone. The concentrations used were so chosen 
that the initial effects roughly matched that of 0-3 mM Nembutal. In the case of 
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colchicine the effect is linearly progressive for 48 hr, as after Nembutal, but in the case 
of cortisone the effect reaches a maximum after 24 hr. 

The dose-effect curves in Fig. 2 show that on this 48 hr assessment the barbiturates 
are less toxic to lymphocytes than colchicine or cortisone. Lymphocytes are not 
specifically sensitive to cyanide, they are killed by concentrations of 0-1 mM upwards 
in the same way as other cells. It is interesting to note therefore that the barbiturates 


are just about as toxic to lymphocytes as is cyanide, in fact the figures for Nembutal 
and cyanide were so similar (Table |) that it was not possible to plot a separate curve 
for cyanide in Fig. 2. Seconal was slightly more toxic than cyanide, Amytal and 


Pentothal slightly less so. Lymphocytes are not specifically sensitive to other narcotics: 
mM urethane, 0-1! M ethanol and 0-1 M acetone were shown to be quite harmless 
(Table |) and higher concentrations poisoned lymphocytes and reticulum cells about 


equally. 


Barbiturate antagonists 

1. Succinate. Addition of barbiturate to tissues in vitro inhibits the metabolic 
oxidation of glucose, pyruvate and a-ketoglutarate, but not that of succinate. This has 
been shown for the action of mM Luminal on rat brain and liver slices,* 0-3 mM 
Nembutal on rat brain homogenate,’ and 0-45 mM Amytal on rat liver mitochondria.® 
Now it is known that the oxidation of succinate does not require coenzymes, 
whereas the oxidative steps in glucose metabolism prior to succinate are all dependent 
on coenzymes I and II. It seems therefore that barbiturate blocks these coenzymes and 
prevents the transport of hydrogen to FAD 

So if this metabolic block is in fact responsible for the pharmacological action of 
barbiturate, and if cells can utilize the energy derived from succinate oxidation for 
maintenance of their life processes, then succinate should prove an effective antagonist 
to barbiturate. Not surprisingly, it has been claimed that succinate does shorten the 
duration of barbiturate anaesthesia in animals,®: * though this is denied by others.*: * 
It has also been claimed that intravenous succinate ts an effective antidote to barbiturate 
poisoning inn 

It was therefore of interest to see if succinate would antagonize the action of 
barbiturates on lymphocytes. The results (Table 2) show that succinate could partly 


TABLE 2. EFFECT OF BARBITURATE ANTAGONISTS. PERCENTAGE OF DEAD (PYKNOTIC) 
LYMPHOCYTES IN LYMPH NODE CULTURES 48 HR AFTER ADDITION OF ANTAGONIST 
ALONE (A), BARBITURATE ALONE (B), ANTAGONIST AND BARBITURATE (AB) 


(Number of cultures in brackets) 


B AB 


nM, Nembutal 0-imM ] 13-5(36) 4-929) 
Nembutal 0:2mM 42-7(39) 

M. Seconal 45-0159) 47-1019) 

c acid ImM, Nembutal 0:-2mM (23 2147 43-40) 
3m™M. Nembutal ? 45-6120) 


antagonize the small effect of 0-1 mM Nembutal but was unable to mitigate the larger 
effects of 0-2 mM Nembutal or 0-1 mM Seconal. The succinate may be removed fairly 
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rapidly by oxidation, so in a further experiment with 0-2 mM Nembutal and 2 mM 
succinate a second lot of succinate was added 24 hr after the first, but it had no effect. 
These results suggest a small protective effect of succinate but are not very conclusive. 


2. Ascorbic acid. It has been shown in guinea pigs that the duration of barbiturate 
anaesthesia is inversely related to the ascorbic acid content of the blood, when the 
latter is experimentally varied.’*» '* Greig,’ accepting the theory that barbiturate 
blocks the pathway of hydrogen transfer, suggested that ascorbic acid might act as a 
reversible hydrogen acceptor bridging the gap caused by this block, and showed that 
the depression of glucose oxidation produced in rat brain homogenate by mM 
Nembutal could be reversed by 4 mM ascorbic acid. In the author’s experiments 
(Table 2) mM ascorbic acid did not influence the effect of 0-2 mM Nembutal on 
lymphocytes. 


3. Megimide. Megimide (8 : 8-methyl-ethyl-glutarimide) is a recently introduced 
barbiturate antagonist which has proved effective in the treatment of acute barbiturate 
poisoning in man."*: '® There is no evidence that it acts at the biochemical level and 
it probably acts as a central nervous stimulant. In this case it would not be expected 
to protect lymphocytes and the author's experiments (Table 2) show that it does not 
do so. 


DISCUSSION 

Figure 2 shows that the descending order of toxicity is Seconal, Nembutal, Amytal, 
Pentothal, barbitone. This bears no relation to their order of anaesthetic potency. 
Not does it match any particular chemical configuration of their molecules, except 
that, since barbitone itself is entirely non-toxic in this concentration range, the two 
side chains appear to be particularly important. It must be remembered however that 
these results were read from 48 hr effects, and no allowance has been made for the 
possible instability of some of the barbiturates in the rather alkaline (pH 7-6) culture 
medium at 37°C. Pentothal, for example, is known to be rather unstable and on a 
shorter term assessment might appear relatively more toxic. Pomerat and Painter’’ 
found that the concentrations required for complete suppression of outgrowth from 
chick spinal-cord fragments in tissue culture were—Seconal 0-8 mM, Nembutal 
1-4 mM, Amytal 1-8 mM (figures calculated from their data), which is in the same 
descending order as found here. It has also been shown in tissue cultures that the 
outgrowth of fibroblasts is partially inhibited by 10 mM barbitone and that of iris 
epithelium by 3 mM.!* In these tissue culture experiments the cells were only inhibited 
not actually killed, for the effects were reversible. Geiger'® reported that addition of 
0-1 mM barbitone to human nerve cells maintained in tissue culture caused fragmenta- 
tion of the mitochondria in a few minutes, an effect which was equally rapidly 
reversible. 

Figure 2 shows that the dose-effect curves for the barbiturates are remarkably 
steep. There is a critical concentration, about 0-1 mM, above which they become 
highly toxic to lymphocytes. Now the plasma concentrations of Seconal, Nembutal 
and Amytal required to maintain surgical anaesthesia in the rabbit lie within the 
range 0-1-0-3 mM,2° and in man the plasma concentration of Seconal or Amvtal 
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at the time of regaining consciousness after narcosis is about 0-1 mM.” It seems there- 
fore that during surgical anaesthesia the concentration of barbiturate in the blood 
must usually exceed the critical level of 0-1 mM, albeit for only a few hours, while 
in cases of acute barbiturate poisoning it must greatly exceed it for many hours. In 
acute barbiturate poisoning therefore one would expect to find evidence of death of 
lymphocytes in the lymphoid organs and a depressed blood lymphocyte count. It 
seems, however, that this does not occur, at any rate in man. Ravn” reported the white 
blood cell counts in thirteen cases of acute barbiturate poisoning. In seven cases there 
was an absolute neutrophilia during the acute phase and in four cases an absolute 
lymphocytosis during the recovery phase, but none showed an absolute lymphopenia 
at any stage. Others have reported similar findings and there is no record in the 
literature of lymphopenia following barbiturate administration. 

With regard to the primary biochemical lesion (if any) produced by barbiturate, 
the current hypothesis of a block in pyruvate oxidation is open to some doubt because 
it has been shown only with concentrations rather higher than those which produce 
narcosis or which kill lymphocytes. Lower concentrations (0-1 mM) have been shown 


to uncouple oxidative phosphorylation™ and to activate ATPase”: ™ in isolated 


mitochondria, but whether this occurs in the intact cell remains to be seen. The 
mechanism of barbiturate action remains obscure and although the present results 
throw no light on it they do perhaps widen the field of enquiry. Drugs consumed at 
the rate of 2000 tons a year in the U.S.A. alone®* must continue to merit attention. 
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A PROPOS DE L’EFFET DELAPORTE 


MONIQUE REGINSTER 


Laboratoires de Microbiologie générale et médicale, Université de Liége 


Résumé—Selon Delaporte, lorsqu'une population microbienne dense est soumise a une 
irradiation ultra-violette, les germes survivants qui se divisent exercent une action 
revivifiante sur les microorganismes se trouvant dans leurs environs immeédiats. C'est 
leffet Delaporte 

Sil en est ainsi, les colonies qui apparaissent sur une gélose ensemencée et irradiée 
ont pratiquement toujours une origine poly-microbienne, dont il faudrait alors tenir 
compte pour interpreter de nombreuses expériences d’ordre génétique. 

Toutefois, observation microscopique directe du développement bactérien aprés 
irradiation ultra-viclette ne nous a pas permis de retrouver le phénoméne de restauration 
en amas que B. Delaporte avait décrit d’aprés examen d'images nucléaires observées sur 


des préparations fixees et colorées 


INTRODUCTION 
DiscUTANT le developpement des bacteéries apres irradiation ultra-violette, Delaporte! 
écrit: “Il est exceptionnel de rencontrer des amas dans lesquels les cellules ne sont 


pas ou bien toutes en cours de croissance ou bien toutes stationnaires”, et “dés que 


l'une des cellules d'un amas commence 4a pousser, elle entraine la croissance simultanée 
des autres cellules de l'amas”’. Le phénoméne a été découvert par examen microscopique 
de préparations par impression, fixées et colorées au Giemsa aprés hydrolyse ménageée. 
Delaporte a observe ultérieurement un phénoméne analogue dans des populations 
microbiennes traitees par les rayons X.* Si effet Delaporte est la régle habituelle, 
les colonies qui se développent a partir de suspensions denses irradiées ont, 4 peu 
pres toujours, une origine pluribactérienne. Or, parmi ces colonies, il en est qui sont 
constituees, a letat pratiquement pur, de mutants déterminés: chimio-résistants, 
auxotrophes et autres.* Ces deux observations sont difficilement conciliables 4 moins 
qu'on admette que le germe survivant muté “transforme™,* en méme temps qu'il les 
“restaure’’, les micro-organismes voisins. C’est pourquoi nous nous sommes proposé de 
rechercher restauration par voisinage de facon plus directe. Utilisant 
le microscope a contraste de phase, nous avons suivi pendant plusieurs heures, directe- 
ment ou par photographies en séries, la croissance sur gélose de bactéries irradiées 
par les rayons ultra-violets. 


Il. MATERIEL ET METHODES 
Toutes nos observations sont faites sur Escherichia coli W 1364, souche prototrophe 
dérivée d’E. coli K 12. Nous avons employé comme milieu de culture, le milieu 
minimal de Davis® et le bouillon peptoné, éventuellement gélosés. 
Les irradiations ultra-violettes sont effectuées au moyen d'une lampe a vapeur de 
mercure Sun Kraft dont les caractéristiques sont décrites ailleurs.* L’intensité du 
rayonnement incident est mesurée avec le dosimétre de Latarjet et Morenne.’ 
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Dans une série d’expériences, nous avons utilisé des cultures en phase de croissance 
exponentielle en milieu minimal ou en bouillon. Ajustées a une valeur turbidimétrique 
donnée par dilution en solution saline tamponnée (milieu minimal sans glucose), 
elles ont été irradiées pour obtenir une mortalité de 90 a 99 par cent. Les suspensions 
ainsi irradiées ont été ensemencées sur gélose en boite de Petri, pour dénombrement 
des germes survivants et pour examen microscopique de leur développement. Dans 
ce but, la culture irradiée est étalée a la surface d’une couche mince de gélose solidifi¢e 
et séchée. On place les boites ouvertes 4 37° pendant 15 minutes pour assurer 
l’évaporation du liquide en excés. 

Dans une autre série d’expériences, pour nous rapprocher des conditions choisies 
par Delaporte, nous avons utilisé des cultures ayant atteint la phase stationnaire. Dans 
ce cas, 0,5 ml d'une culture de 48 heures en bouillon, diluée au 1/5, est réparti a la 
surface d’un bouillon gélosé en boite de Petri de 8,5 cm de diamétre et exposé a un 
rayonnement U.V. assurant une mortalité de 99 par cent. On évalue celle-ci en 


comparant la densité de la culture obtenue sur la boite irradiée, avec celle de la culture 
fournie par une dilution au 1/100 de la culture-mére ensemencée dans les mémes 
conditions. 

Les cultures destinées a l’observation microscopique sont préparées comme suit. 
A partir des géloses en boite de Petri portant les germes irradi¢és, on découpe des 
blocs de 1,5 cm de cété. On les place entre lame et lamelle de verre mince, rigoureusement 
propres, stérilis¢es par flambage, et on lute a la paraffine. Les préparations sont 
placées sur platine chauffante maintenue 4 37°. Un champ microscopique convenable 
est repérée et sera examiné a fréquents intervalles pendant plusieurs heures. Selon le 
cas, nous en avons pris des croquis successifs ou des photographies. 


lil. OBSERVATIONS 
(1) Le développement des cultures irradiées est aussi bon sur les blocs de gélose 
que sur les boites de Petri. 
(2) La survie apprécié¢e par l’observation microscopique est en moyenne supérieure 
(14 pour cent) a la survie mesurée par le dénombrement des colonies (6 pour cent) 
(Tableau 1). Cette différence est peut-étre attribuable au fait que, dans le premier 


1. SURVIE DE CULTURES D’E. coli W 1354 SOUMISES A UN RAYONNEMENT 
U.V. PENDANT LA PHASE DE CROISSANCE EXPONENTIELLE 


TABLEAU 


Survie appreéciée par 
Dénombrement 
des coloniest 


Experience No. Observation des 
microcolonies* 


l 10,0 0,5 
2 20,0 2,6 
3 3.5 1.7 
4 6,6 Be 
5 7,5 1,3 
6 22,5 6,0 
7 13,0 8,2 
9,7 19,0 

15,0 


* Incubation sur gélose entre lame et lamelle de verre 
lutées a la paraffine. 
t Incubation en boite de Petri. 
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cas, la survie est calculée sur un petit nombre de bactéries, alors que dans le second, 
elle est calculée sur le nombre de colonies visibles sur une surface beaucoup plus 
grande. D’autre part, il s’agit peut-étre d’un effet de photoréactivation par la lumiére 
indispensable aux observations microscopiques. 

(3) Une culture de 48 heures, examinée immédiatement aprés son irradiation, 
contient des éléments dont les dimensions varient en longueur et en épaisseur. Ils 
sont d’habitude optiquement homogeénes ou, parfois, nettement plus réfringents dans 
certaines portions. Des bactéries en phase de croissance exponentielle, examinées 
immeédiatement aprés lirradiation, n'ont pas toutes la méme longueur mais ont la 
méme largeur et sont optiquement homogenes. 

(4) Les bactéries irradiées peuvent se comporter de quatre maniéres lorsqu’elles 
sont ensuite mises en incubation: 

(a) rester rigoureusement stationnaires; 

(b) s’allonger en trés longs filaments; 

(c) sallonger modérément et s’épaissir trés nettement. Dans ce cas, certaines 

semblent se fragmenter par formation d'une sorte de vacuole. 

(d) s’‘allonger, puis se diviser environ toutes les 30 minutes. 

Les modifications de forme surviennent progressivement aprés une période de 3 heures 
au cours de laquelle les bactéries ne subissent pas de changements appréciables. Par 
contre, les divisions ne commencent que 4 ou 6 heures apres irradiation et la mise 
en incubation. Les divisions les plus tardives ont été observées dans les cultures 
irradiées apres 48 heures de séjour a 37° et dans celles qui, irradi¢es en phase de 
croissance exponentielle, sont mises 4 incuber sur gélose mimimale. 

(5) Nous n’avons jamais observé de bactérie irradiée entrant en division pour la 
premiére fois aprés 7 heures d’incubation. Dans les cultures qui, aprés ce deélai, 
séjournent 15 a 17 heures a la température du laboratoire, on retrouve inchangées 
les bactéries qui avaient atteint les stades a, b ou c décrits au paragraphe (4), souvent 
déplacées par les colonies dont on avait, la veille, observé la naissance. 

(6) Ces observations nous permettent d’adopter la technique suivante: observation 
ou photographie des champs microscopiques de 30 en 30 minutes, depuis la troisiéme 
jusqu’a la septi¢me heure aprés l’irradiation. 

(7) Nous avons suivi 548 bactéries irradiées en phase de croissance exponentielle, 
dont 279 isolées et 269 réparties en amas de 2 a 10 germes (Tableau 2). 36 germes isolés 


TABLEAU 2. OBSERVATION MICROSCOPIQUE DU DEVELOPPEMENT D’E. coli W 1364 APRES 
IRRADIATION U.V. PENDANT LA PHASE DE CROISSANCE EXPONENTIELLE 


Nombre de cas ou 
Répartition des bactéries observées se divisent: 


1 bactérie 2 bactéries 


Nombre de bactéries isolées: 

Nombre d’amas de 2 bactéries: 
Nombre d’amas de 3 bactéries: 
Nombre d’amas de 4 bactéries: 
Nombre d’amas de 5 bactéries: 
Nombre d’amas de 8 bactéries: 
Nembre d’amas de 9 bactéries: 
Nombre d’amas de 10 bactéries: 
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et 36 germes faisant partie d’amas se sont divisés. 100 amas de 2 a 10 germes ont 
donné 27 colonies dont 18 aux dépens d’un seul germe et 9 aux dépens de 2 germes. 
Dans aucun cas, nous n’avons observé la multiplication de plus de 2 bacteries. 

(8) Nous avons suivi 18 amas par des clichés successifs (Fig. 1 4 6). Sept d’entre 
eux, composés de 2 4 12 germes, provenaient de cultures irradiées en phase de croissance 


7 exponentielle (Tableau 3). Les 11 autres, composés de 2 a 74 bactéries, provenaient de 
TABLEAU 3. ENREGISTREMENT PHOTOGRAPHIQUE DU DEVELOPPEMENT D’E. coli W1364 
_ APRES IRRADIATION U.V. PENDANT LA PHASE DE CROISSANCE EXPONENTIELLI 
ad Nombre de germes Nombre d’'amas Nombre de germes 
par amas divisés par amas 
2 
4 
6 
7 
8 
2 
12 


TABLEAU 4. ENREGISTREMENT PHOTOGRAPHIQUE DU DEVELOPPEMENT D’E. coli W 1364 
APRES IRRADIATION U.V. PENDANT LA PHASE STATIONNAIRE 


Nombre de germes Nombre d’amas Nombre de germes 
par amas divisés par amas 


cultures de 48 heures irradiées sur gélose (Tableau 4). Un seul germe s’est divisé dans 
16 amas. Deux bactéries se sont divisées dans 2 amas contenant initialement l'un, 
8, et l'autre, 39 germes. 


IV. DISCUSSION ET CONCLUSIONS 

Nos documents photographiques et nos observations microscopiques directes ne 
nous ont jamais montré le phénoméne de restauration par voisinage. Dans aucun des 
amas que nous avons suivis, nous n’avons assisté 4 la division de tous les germes, 
mais, assez souvent, deux bactéries d'un méme amas se sont divisees, 

On pourrait nous objecter que illumination des cultures, indispensable pour 
!’examen microscopique et la prise des photographies, serait suffisante pour expliquer 
la discordance existant entre nos observations et celles de Delaporte. Il n’en est 
cependant rien car cette derniére observe le phénoméne de restauration en amas 
méme dans des cultures volontairement soumises a la photo-réactivation.* 

Les résultats de Delaporte sont basés sur l’analyse statistique des images nucléaires 
présentées par les bactéries étudi¢es. Notre technique exigeant une longue observation, 
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portant chaque fois sur un petit nombre de germes seulement, se préte mal a la 


collection de renseignements en quantité suffisante pour étre ensuite soumis a l’analyse 


statistique. Par contre, étant basée sur une observation directe des bactéries vivantes. 
elle nous parait fournir des faits dignes de foi en dépit du nombre relativement 
minime de germes et amas observés. 


Remerciements—Nous remercions le Professeur M. Chévremont qui a mis a notre disposition ses 
installations de microphotographie et nous a aidée de sa haute compétence dans ce domaine. 
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Développement d’Escherichia coli W 1364 aprés exposition a un rayonnement ultra-violet de 7,2 ergs 
par mm* par sec pendant 105 sec. 
Les figures | 4 6 sont des photographies successives d'un méme groupe initial de 3 bactéries, prises 
respectivement: 1, 4, 5, 53, 6}, et 64 heures aprés lirradiation. On peut constater qu'un seul des 
trois individus se divise sans entrainer la multiplication de ses deux voisins. Incubation a 37°C. 
Observation au microscope a contraste de phase. « 5610. 
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Abstract—Differential centrifugation of homogenates of rat’s brain has revealed that 
approximately one-fifth of the endogenous 5-hydroxytryptamine (HT: serotonin) is 
present in the non-particulate fraction, while two-thirds resides in the granules. The 
administration of reserpine causes a shift of the particulate /non-particulate (bound /free) 
ratio from 3.5 to 1.5, by virtue of a much greater depletion of the particulate store of HT 
than of the HT present in the non-particulate fraction. Iproniazad causes a rise inthe HT 
of both fractions, but yields a ratio of 1-4. The administration of iproniazid followed by 
reserpine produces a result similar to that found after iproniazid alone. Thus, it would 
appear that iproniazid inhibits the release of HT elicited by reserpine. It is emphasised 
that the data presented can only be considered in a relative sense because of two diffi- 
culties inherent in the technique, which have been elucidated: (1) the granules isolated 
from brain lose a large portion of their HT upon re-suspension and re-centrifugation; 
and (2) there is a certain affinity of particulate material of brain for HT added to the 
suspending medium 


OnE of the assumptions basic to the concept of chemical transmission in the nervous 
system is that the transmitter substance exists in a pre-formed store, held in an inactive 


(“bound”) state in the neurone. This type of storage may be concerned not only with 


transmitters but with neuro-secretory substances in general; and, in fact, evidence 


is accumulating that subcellular particles may serve as the storage sites. For example, 


the fine structure of the neuro-hypophysis has revealed the presence of granules 
believed to originate in the hypothalamic nuclei.’ Similarly, there is evidence that 
the cytoplasmic granule serves as the storage site for acetylcholine,? histamine,’ and 


the catechol amines.* Some confusion exists, however, about the intracellular localiza- 
tion of 5-hydroxytryptamine (serotonin; HT). Walaszek and Abood® have reported 
that about 60 per cent of the HT in brain cells of the rat resides in the “mitochondria”. 
Udenfriend and co-workers® failed to substantiate any specific localization, having 
found a rather uniform distribution of HT within the cell. Later, these workers 
indicated that relatively littke HT was to be found in mitochondria and microsomes, 
and that a considerable portion is associated with the nuclear residue.” On the other 
hand, Blaschko* and Baker® have reported a high concentration of HT in the granules 
of duodenal mucosal cells of the rat. Similarly, large amounts of HT and histamine 
have been found associated with particulate material of solid mastocytoma of the 
mouse.?®, 

This report is intended to confirm the finding of HT-localization in cytoplasmic 


* Aided by a grant (B-940) from the National Institute of Neurological Diseases and Blindness. 
+ Wallace Laboratories Pre-doctoral Fellow in Pharmacology. 
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particles of the brain of the rat and to reveal certain aspects of the “binding” and 
release of HT. 


MATERIALS AND METHODS 

These studies were done on freshly excised brains (without cerebella, olfactory 
lobes and pituitaries) of adult male rats, sacrificed by decapitation. All operations 
prior to the differential centrifugation were carried out in a refrigerated room at 
4°C. Homogenates (1 : 10) of brain were prepared in a glass homogenizer with an 
aqueous medium containing sucrose (2-5 10-*M), edathamil (““Versene’’) (2 10-*M), 
and p-tolylether of choline (TEC; a monoamine oxidase inhibitor) (1-5 x 10-°M). 
The actual centrifugation procedures varied in certain experiments and will be des- 
cribed in appropriate sections of the text; however, all were carried out in a Refrigerated 
Spinco Preparative Ultracentrifuge. 

The HT was extracted by the method of Amin ef a/.," and assayed biologically 
on the heart of the clam (Venus mercenaria). 


RESULTS AND DISCUSSION 
1. Complete separation of granules 
Because preliminary studies in this laboratory had indicated that nuclei and 
microsomes are almost completely free of HT, a procedure of centrifugation was 
devised to yield as complete a separation as possible of the granular materials (Fig. 1). 
The results obtained from five representative experiments are summarized in Table 1. 


Whole homogenate 


100,000 
25 min 


Whole particulate Original supernatant fraction (1) 


SOO 
10 min, 2x 


Cell debris Cloudy supernatant fraction 
100,000 g, 
800 v 25 min 
10 min, 2x 


Granules (2) Clear supernatant fraction (3) 
Cell debris Supernatant fraction 
100,00 
25 min 
800 
10 min, 2x Granules (4) Clear supernatant fraction (5) 


Cell debris (8) Supernatant fraction 


Granules (6) Clear supernatant fraction (7) 


Fic. 1. Method for complete fractionation of cellular components for HT. Numbers in parentheses 
refer to fraction numbers found in Table 1. 
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The initial high speed centrifugation, in place of the traditional low-speed (800 x g), 
for removal of cell debris, was an attempt to achieve a relatively unambiguous value 
for the HT in the non-particulate fraction of the cell. The supernatant fraction 
obtained more closely reflects the true unbound HT, which resides in the cytoplasm 
of the cells and, theoretically, in the interstitial fluid. It may be seen that 24 per cent 
of the total HT of the brain is found in this fraction under these conditions. 
Another important point is made clear by these data. With each re-suspension and 
centrifugation of the particulate material, a considerable amount (approximately 
one-half) of the residual HT is leached out, despite the presence of edathamil, which 


TABLE |. DISTRIBUTION OF HT IN THE CELLS OF RAT BRAIN, SUBJECTED TO 
CENTRIFUGATION AS SHOWN IN FIG. | 


Fraction Mean total Percentage 
(numbers refer to those in Fig. 1) HT (myug/whole brain) of grand total 


1. Original supernatant fraction 167 23-6 


. Granules 
. Granules 79 
Granules 


Total 


. Supernatant fraction from (2) 
. Supernatant fraction from (4) 103 
. Supernatant fraction from (6) 


nt 


4 


Total 


Cell debris 


Grand total 


has been reported to inhibit this phenomenon.® Thus, the proportion of the total HT 
which is found in the combined granules, i.e. approximately 35 per cent, is minimal 
and the true value most likely approaches twice this figure. In fact, a number of 
experiments which were done with two re-suspensions (instead of three) gave a 
result which indicated that at least 62 per cent of the total HT is found in the particulate 
material. These results are in good agreement with those of Baker.* Microscopic 
examination of suspensions of these particles revealed that they were free of debris 
and consisted mainly of particles. 

It is of some importance that very littke HT was found associated with the final 
cell debris fraction, since Udenfriend et a/.’ have reported 35-40 per cent in fractions 
precipitated by low-speed centrifugation. It is likely that these latter were contaminated 
with granules. However, microscopic examination of our final cell-debris fractions 
revealed relatively few granules. Earlier experiments demonstrated that there is a 
close relationship between the HT-levels of low-speed sediments and the numbers of 
granules contaminating them. 


2. Effect of reserpine and iproniazid on the distribution of bound vs. free HT 
Because of the leaching demonstrated in the above experiments, a more rapid 
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separation appeared to be essential to the study of the effect of reserpine (which 
releases HT) and iproniazid (which spares HT) on the relative distribution of free HT 
and its bound form(s). Therefore, a number of experiments were done by analysing 
the two fractions (residue = bound, and clear supernatant fluid = unbound) ob- 
tained after the first step shown in Fig. 1. Table 2 summarizes the results obtained 
from untreated rats and from those treated with reserpine or iproniazid, or both. 

It may be seen, as before, that about 22 per cent of the HT of the brain is in the free 
form. It is of some interest, in this context, that 4 hr after a large dose of reserpine 
the percentage of free HT approximately doubled even though the absolute amount 
was halved. This is in agreement with the observation that reserpine impairs the 


TABLE 2. EFFECT OF RESERPINE AND IPRONIAZID ON THE DISTRIBUTION OF HT IN RAT’S 
BRAIN 
(Homogenates centrifuged at 100,000 * g¢ for 25 min) 


Mean HT-content 
Number (mug, whole brain) Mean “, 
ol in 
animals Residue Supernate supernate 
(“*bound”’) (“*free™’) 


Time of 

Pre-treatment sacrifice 

of animals (n (hr. after 
pre-treatment) 


“Bound 
free” 


1. None 132 

2. Reserpine 5 4 372 —63 

3. Iproniazid 100 12 209 439 307 

4. (3) plus (2) as in as in . 102 SOI 369 
(2) and (3) (2) and (3) 


ability of cells to hold HT in a stored form." Moreover, it can readily be seen that 
reserpine depleted the granular pellet of about 80 per cent of the HT normally found 
there. Thus, the net effect of the action of reserpine is to reduce the ratio of bound to 
free HT from 3-5 to 1-4. In striking contrast to this is the finding by Weil-Malherbe 
and Bone’ that reserpine caused a more pronounced disappearance of catechol 
amines from the supernatant than from the particulate fraction of rabbit’s brains. 
Such a difference is difficult to reconcile on the basis of the different amines 
involved. 

Iproniazid inhibits the destruction of HT by monoamine oxidase, an enzyme which 
has been found in both particulate and non-particulate fraction of cells."* Thus, 
iproniazid produced, as expected, a large increase in the level of HT in both com- 
ponents of the cell studied here. Since iproniazid is not known to alter the ability of the 
cell to bind HT, the much greater increase in the amount of free HT, and the similar 
decrease in the ratio of bound to free HT to that which is found after reserpine, 
might indicate: 

(1) A saturation of the binding capacity of particulate sites and, therefore, a “spilling 
over”’ into the non-particulate compartment. 

(2) Alternatively, non-particulate monoamine oxidase may be of greater im- 
portance in the oxidative deamination of HT than is the particulate enzyme. 

The administration of reserpine following iproniazid produced a result which is 
closely similar to that obtained from iproniazid alone, with a large increase in both 
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compartments. Moreover, after ipronizid had been given, the release of HT by reser- 
pine was not remarkable. Accordingly, these data support the suggestion of Pletscher!” 
that iproniazid inhibits the HT-releasing action of reserpine. 


3. Binding of HT by particulate material of brain cells 

In order to determine the validity of the values for free HT which have been presented 
in this report (Tables | and 2) the affinity shown by free HT for particulate material 
was investigated. This was done by adding HT to homogenates of brain cells (in a 
medium containing TEC (1-5 x 10-*M) and sucrose (2:5 x 10-*M). These suspensions 
were kept in ice for 15 min prior to centrifugation at 100,000 x ¢ for 25 min. The 
resulting two fractions were then assayed for their content of HT. Table 3 summarizes 
these results. 


TABLE 3. DISTRIBUTION OF HT ADDED TO HOMOGENATES OF RAT'S BRAIN 
(Suspension kept at 0°C for 15 min, then centrifuged at 100,000 « ¢ for 25 min) 


Mean HT (xg) 


Number Residue Supernatant 
of 
replicates Found Increase Percentage Found Increase Percentage 


added HT added HT 


Amount HT added 
(ug) 


0-46 
8 0-91 0-45 23 
1-45 0-99 


= 
wa 
~ 


The data show clearly that sub-cellular particles (and cell debris) have an affinity 
for HT added exogenously, and a certain capacity to adsorb it. When the amount of 
HT added was about | }~—3 times the level normally found in the whole brain of the 
rat (i.e. about 1-2—1-5 xg), about 20 per cent became associated with the “high-speed 
residue”’. It is of interest that at the lower level of added HT (2ug) the amine tended 
to become distributed in almost equal quantities in the two fractions. Thus, values 
reported above for levels of HT in non-particulate fractions are not absolute, and 
techniques such as this and those used by other workers in this field are productive of 
only relative values. 

Baker® has shown similarly that in homogenates of duodenal mucosa less than 
30 per cent of added HT was taken up by the particulate material. On the other hand, 
this same worker demonstrated that suspensions of large granules from duodenal 
mucosal cells did not release more than 25 per cent of their HT into fresh suspending 
medium, as demonstrated by assay after recentrifugation at high speed.* Our finding 
that a considerably greater portion of the HT in granules is lost might indicate that the 
granules of brain cells which contain HT are more fragile and possibly less specific 
than those isolated from duodenal cells. In this connexion, Gayet'* has recently 
demonstrated that granules obtained from cerebral cortex have different physical 
characteristics and reactivity than mitochondrial particles obtained from liver. 
Hebb and Whittaker® also believe that some of the particles of brain which contain 
acetylcholine are more fragile than others which contain it. 
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Another possible explanation for our observation of leaching of HT out of the 
granules on re-suspension lies in our centrifugation technique. It is conceivable that 
the first high-speed spin (Fig. 1) may injure some of the granules during the process 
of sedimentation and packing with larger particles. 


Acknowledgements—The authors gratefully acknowledge the co-operation of the following individuals : 
Dr. V. L. Loosanoff, U.S. Fish and Wildlife Service, Milford, Connecticut, for the clams (Venus 
mercenaria) used in this work; Dr. R. K. Richards of the Abbott Laboratories and Dr. M. E. Spieter 
of the Upjohn Company for 5-hydroxytryptamine-creatinine sulphate; Dr. N. A. Davis of Hoffmann- 
La Roche, Inc., for iproniazid (“*Marsilid’’); Dr. A. Gillman of Ciba Pharmaceutical Products, Inc., 
for reserpine (‘“Serpasil’’); and Mr. G. Perlstein for his able technical assistance 


REFERENCES 
S. L. Patay, Ultrastructure and Cellular Chemistry of Neural Tissue (Edited by H. WAeELSCH) 
p. 31. Hoeber-Harper, New York (1957) 
C. O. Hess and V. P. Wuirraker, J. Physiol. 142. 187 (1958) 
F. C. Macintrosu, Ciba Symposium on Histamine (Edited by G. E. W. Wo tsTeNHOLME and 
C. M. O'Connor) p. 20. Churchill, London (1956) 
. P. HAGEN and A. D. Wetcn, Recent Progress in Hormone Research, Vol. 12, p. 27. Academic 
Press, New York (1956) 
. E. J. Wacaszex and L. G. Asoop, Fed. Proc. 16, 133 (1957) 
D. F. BoGDANSK!I, H. WetssBacu and S. Upenrrienp, J. Neurochem. 1, 272 (1957) 
S. UDENFRIEND, D. F. BoGDANSK!I and H. Wetsspacu, Metabolism of the Nervous System(Edited 
by D. RicuTer) p. 566. Pergamon Press, New York and London (1957) 
H. BLascHKO, Hypotensive Drugs (Edited by M. HARRINGTON). Pergamon Press, New York and 
London (1956) 
.R. V. Baker, J. Physiol. 142, 563 (1958) 
. F. L. Lee, P. HAGeN and J. Furtu, Fed. Proc. 17, 387 (1958) 
. J. P. Green and M. Day. Unpublished data (1958) 
A. H. Amin, T. B. B. CRawrorp and J. H. Gappum, J. Physiol. 126, 596 (1954). 
. N. J. GIARMAN and S. SCHANBERG. Unpublished data (1958) 


P. A. SHore, A. PLetscuer, E. G. Tomicu, A. CARLSSON, R. KUNTZMAN and B. B. Bropte. 
Ann. N.Y. Acad. Sci. 66, 609 (1957) 


. H. WetL-MALHerse and A. D. Bone, Nature, Lond. 181, 1474 (1958) 
. H. BLascuko, Pharmacol. Rev. 4, 415 (1952) 

A. Prerscuer, Helv. Physiol. et Pharmacol. Acta 14, C76 (1956) 

J. Gavet, Nature, Lond. 182, 941 (1958) 


a 
; 
ae 
| 
4 
q 
4a 
I. 
— 
15 
tg 
a 
: 


Biochemical Pharmacology, 1958, Vol. 1, pp. 307-322. Pergamon Press Ltd. Printed in Great Britain 


FURTHER STUDY OF 
3-HY DROXY PHENYLDIMETHYLETHYLAMMONIUM 
(EDROPHONIUM) AND ITS CLOSELY RELATED 
ANALOGUES WITH RESPECT TO ACTIVITY AT 
THE NEUROMUSCULAR JUNCTION 


W. L. NASTUK and B. O. ALVING 


Department of Physiology, College of Physicians and Surgeons, 
Columbia University, New York City 


(Received 11 December 1958) 


Abstract—(1) Using the indirectly stimulated frog sciatic nerve-sartorius muscle prepara- 
tion in vitro, 3-hydroxyphenyldimethylethylammonium (edrophonium, Tensilon) and 
certain of its analogues have been studied with respect to action in augmenting muscle 
tension output, the time course of this augmentation effect, and anticurare activity. 

(2) The order of effectiveness in augmenting muscle tension output was 
3-OH®N MeEt, 3-OH®N Me, Et 3-OH®N Me, = 3-OH®NE?,, at a drug con- 
centration of 0.01 m-moles/l. At a concentration of 0.05 m-moles,!., 3-OH®NMe, 
becomes the most effective of the group in causing tension output augmentation, but 
this superiority is maintained for only a short period following drug application. With 
time, the augmentation effect of this compound is rapidly lost, and with higher concent- 
ration, muscle tension output falls below control levels. The significance of this result 
is discussed. 

(3) The action of the phenolic hydroxy! group in the augmentation of muscle tension 
output was shown by demonstrating the superiority of 3-OH®NEt, over PNEt,. 

(4) Using 3-OH®NEt, and 3-OH®N MeEt, over a concentration range of from 0-01 to 
0:5 m-moles 1. and also 3-OH®NMe,Et over a range of from 0-01 to 0-05 m/moles/1. it 
was shown that the augmentation of muscle tension output is not maintained at the peak 
value reached. The slow fall which occurs in 1 hr amounts to 4-27 per cent of the peak 
tension attained. The possible significance of this result is discussed. 

(5) At a concentration of 0-01 m-moles/l., 3-OH®NMe,, 3-OH®NMe,Et, and 
3-OH®N MeEt, cause partial reversal of a neuromuscular transmission block produced 
by p-tubocurarine. The drug-produced improvement in transmission was maintained 
without loss for | hr, the total time of the test. 


Tue facilitatory action of 3-hydroxyphenyldimethylethylammonium (edrophonium, 
Tensilon) on neuromuscular transmission was demonstrated by Randall."! Under 
in vivo conditions he showed that neuromuscular block produced by D-tubocurarine 
can be reversed by edrophonium, and that edrophonium itself can produce a transient 
augmentation in the tension developed by skeletal muscle stimulated via a single 
nerve volley. Substantial evidence indicates that the facilitatory action of edrophonium 
depends mainly on its power to inhibit acetylcholinesterase. “ ® 1% 15, 16 

The factors which govern the time course of action of edrophonium have not yet 
been clarified. Under the conditions of Randall’s™ experiments in vivo, a single dose 
of edrophonium produces an augmentation of muscle tension output (often called 
twitch potentiation) which lasts about 7 min. This short time course of action might 
simply be due to a rapid reduction of drug concentration at the site of action and thus 
Randall’s observation need not have fundamental significance as regards the mode of 
action of edrophonium. It would be quite another matter if, for example, the short 
time course resulted from inactivation of endplate membrane receptors. Clearly an 
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investigation of this question must begin with elimination of indirect influences by 
utilizing the superior control inherent in an experiment in vitro. 

The few experiments in vitro reported earlier by Nastuk and Alexander® served as a 
starting point for the work herein described. Over a range of concentration, we have 
studied the time course of action of edrophonium and certain of its analogues in 
producing augmentation or reduction of the tension developed by neurally stimulated 
skeletal muscle. We have also studied in a limited way the time course of anticurare 
action of edrophonium and two of its analogues 

In interpreting our results we argue that edrophonium and its related analogues 
possess, in varying proportion, two modes of action. The first involves a prompt inhibi- 


tion of acetylcholinesterase, the second a process of activation-inactivation of end- 


plate membrane receptors. The argument ts based on our own work and in addition, 


some critical results provided by others. A preliminary account of this study has been 


presented elsewhere." 
METHODS 

The sciatic nerve-sartorius muscle preparation of the frog (Rana pipiens) was 
mounted for the recording of the isometric muscle tension developed subsequent to 
motor nerve stimulation. Details of the apparatus, method, composition of the Ringer 
solution, etc., have been fully described in another paper.” Each nerve—muscle prepara- 
tion was immersed in approximately 25 ml of fluid through which air was bubbled 
continuously. At 20 min intervals throughout the course of all experiments, the muscle 
chamber was drained and refilled with fresh solution of appropriate composition. The 
bath temperature was not controlled, but in individual experiments the difference 
between the minimum and maximum value never exceeded 3 c and generally it was 


less than this. The mean bath temperatures for all individual experiments were in 


the range 19-26 « 

Often in the investigation of the action of pharmacological agents either in vivo 
or in vitro, a single preparation ts used for determination of the response to a range of 
drug concentrations or to compare the effects of a series of drugs which may or may 
not be related. In such experiments valid quantitation requires that the preparation 
make a complete recovery after each trial, i.e. return each time to the control state. 
In experiments where one measures the muscle tension developed by a neurally 
stimulated nerve-muscle preparation, the return of the twitch tension amplitude to the 
control value gives no assurance that the neuromuscular transmission process has 
also returned to control status 

To avoid the above complications, we used a fresh nerve-muscle preparation for 
each test of a particular compound at a given concentration. The value of such 
caution will become evident when results of our experiments are presented herein. 
To take into account the variation in drug sensitivity of individual preparations, the 
data has been treated statistically 

In practice, four nerve-muscle preparations were mounted and studied simul- 
tancously, using myographs of the type fully described by Nastuk er a/.* About half 
of the experiments were performed with nerve-muscle preparations which were 
dissected in the morning, stored in Ringer solution at 4c and used in the afternoon. 
It was sometimes more convenient to dissect the preparations in the evening, to store 
them overnight in Ringer solution at 4°c, and to use them in the morning. At first 
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we supposed that, despite the low temperature, the physiological properties of prepara- 
tions stored overnight might show appreciable changes. However, the responses of 
both types of preparations to p-tubocurarine and to 3-OH®N MeEt, were indistinguish- 
able. From these results we concluded that if any changes occur during overnight 
Storage, they are not important in our experiments. In fact, there seemed to be some 


* advantage in the use of overnight stored preparations in that they showed more rapid 
stabilization of twitch tension during the preliminary control period. Possibly the few 

“ muscle fibres which are inady ertently damaged during dissection deteriorate ov ernight, 

7 leaving only completely sound fibres functional. 

7 Each nerve—muscle preparation, mounted and stretched to approximately 110 per 


cent of the body rest length, was maintained in Ringer solution at the start. Rectangular 
wave stimuli 0-1 msec in duration. and of Strength 2) times the value required to 


produce a maximal twitch, were applied to the motor nerve. These values w ere chosen 


in order to avoid repetitive firing of motor axons and to insure that a liminal stimulus 
was applied to all axons at all times. 


In setting a schedule for repetition of stimuli we had in mind the fact that these 
experiments would run for 2} hr or longer and that too frequent stimulation might 


fatigue the preparation. On the other hand we wanted some assurance of the con- 


sistency of the tension data collected at any particular time. With respect to the latter 
point we found, when taking three twitch tension readings | min apart, that the 
difference between the lowest and highest tensions was generally less than 5 per cent 
of the mean of all three. 


he final procedure which we found to be Satisiactory was to obtain, at | min 


intervals, three readings of the muscle tension developed (twitch tension). T he prepara- 


tion was then allowed to rest for 8 min before another set of three stimulations was 


repeated as indicated above During the preliminary control Period, readings taken 


at the ninth, tenth and eleventh minutes were averaged and plotted as representative of 


the 10 min point. A similar average value was plotted at the 20 min point, etc.. con- 


tinuing until the preparation had become stabilized. Our rule for judging achievement 
of stability was that for the last three 10 min periods, the difference between the highest 


and lowest average tensions must not exceed 5 per cent of the mean value for the three. 


and further that there should be no clear downward or upward trend indicated by 


these three 10 min periods. In all of our experiments, the preliminary control period 
was never shorter than 60 min. 


When the experimental technique had been improved to a state where the above 


criteria could be consistently satisfied, five control experiments were conducted in 
which the nerve-muscle preparation remained in Ringer solution for a 4-5 hr period 


after stabilization. At the end of this extended period, the twitch tension was com- 


pared with the value obtained during the close of the preliminary stabilization period, 


and in individual experiments, the ending value deviated from the preliminary value 
by 2-6 per cent. 


Experiments involving the tension augmentation effect w ere done as follows. After 
the nerve — muscle preparation was satisfactorily stabilized as described above. it was 


washed three times with Ringer solution containing a known concentration of drug, 


and then the preparation remained in solution of this composition. Tension readings 
were taken at the fourth, fifth and sixth minutes of the drug application period. The 
average of these three values was plotted at the 5 min point. Tension readings taken 
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the fourteenth, fifteenth and sixteenth minutes were averaged and plotted at the 


point; average tension values for successive 10 min points were obtained in 


7 


| cases, the three readings which were taken at | min intervals did 
their mean by more than 6 per cent. There were, however, a few 
statement. In obtaining data for the 5 min point, there were times 
iding was 10-30 per cent above the mean value, the 5 and 6 min 
xing closer in agreement with each other. This effect was most 
10-5 mM drug concentrations, in particular with 3-OH®N Me,. Part 
for this effect is that it occurred when the muscle tension was falling 
for this reason, readings taken | min apart could deviate from 
ich as 10 per cent. Beyond this, there is some indication that, 
ation, the first stimulation of the preparation causes a diminution 
next two stimulations. At later times in the drug test period, 
ll and uncertain, to the point that it may often be obscured by 
viations. The drug test period lasted 65 min in all cases, except 
(0-01 mM), in which the test period was terminated after 

inge in tension amplitude was produced. 
the drug test period, the preparation was rinsed three times with 
d allowed to remain in this medium during the terminal control 
d 35 min or longer. In general, the terminal control period was 


when nearly equal muscle tension values were obtained for three 


of the changes in muscle tension which occurred during drug 

«pressed in terms of the baseline value of muscle tension. By this is 

hich would have been measured at a specified time in the absence 

for the drug test period was generally obtained by interpolating 

ed tension values achieved during the preliminary and ending 

ntrol periods. There were, however, certain exceptions to this rule. Those nerve 


muscle preparations which were exposed to 0-1 and 0-5 mM 3-OH@®NMe, and 


OH®NEtMe,, exhibited during the ending control period, stabilized tensions 


ynsistently ab the preliminary control period tensions. In such experiments the 


de during the preliminary control period were used to set the baseline 

ug test period. 
as defective all experiments in which during the ending control 
ne stabilized at a value less than 85 per cent of the preliminary 

cline tension. 
accuracy of the tension measurements and the setting of the base- 
lines was such that changes in muscle tension output produced during drug application 
were not considered significant unless they exceeded 5 per cent of the baseline tension. 
Experiments concerned with anticurare action were done as follows. The preliminary 
treatment of the nerve-muscle preparation followed that previously described. When 
the preparation had been in a stabilized state for 30 min, D-tubocurarine (DTC) was 
applied in sufficient concentration to reduce the twitch tension appreciably. After 
some trials, we found that the quickest way to achieve and maintain such a partial 
neuromuscular block at a fixed level was first to immerse the preparation in Ringer 
solution containing 2 mg/l. DTC, After 8 min, this solution was replaced with Ringer 
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solution containing | mg/l. DTC. If the now depressed level of twitch tension was 
maintained within +- 5 per cent for 30 m‘n., the solution in the chamber was washed out 
and replaced with Ringer solution containing | mg/l. DTC plus the drug to be tested 
at a concentration of 0-01 mM. At the end of 60 min exposure to the drug—containing 
curare-Ringer—the muscle was again returned to normal Ringer solution and main- 
tained therein until the twitch tension had returned to the preliminary control value 


Drugs used 

The following compounds were tested: 3-OH®NMe, bromide, 3-OH®NMe.Ft 
chloride, 3-OH®NMceEt, bromide, 3-OH®NEt, iodide, PNEt, iodide, and 
The concentrations ranged from 0-01 to 0-5 m-moles/I., a range in which the effects 


of iodide and bromide anions on the duration of the active state are apparen 


insignificant 


LTS 


RES| 


Augmentation of the muscle tension output 


The time course of the muscle tension augmentation effect produced by indicated 


concentration of four of the compounds studied is shown in Fig. I(a—d). A similar 


plot for ®NEt, at 0-5 m-moles/l. is also included in Fig. I(e) for comparison with 


3-OH®NEt;,. In all plots each point represents the average of five separate experi- 


ments. For each such experiment, the baseline tension measured during the last 


30 min of the preliminary control period (stabilized state) was set at 100 units on an 


arbitrary tension scale. All subsequently measured tension values were plotted with 


respect to this scale. Drug was applied at zero time. 


In individual experiments, the maximum measured value of muscle tension 
developed was usually that represented by the reading taken 5 or 15 min 
after drug application, but occasionally, as in the case of 3-OH®NEt,, the peak 


reading was that reached in 25 min. We wished to compare the activity of the 


analogues with respect to both the extent of muscle tension augmentation and the 
maintenance of this effect with time following attainment of peak augmentation 
With this in mind, the plots of muscle tension vs. time obtained from our experi 


ments were, in effect, shifted along the time axis such as to bring the points representing 


maximum muscle tension developed into coincidence. The results obtained using this 


realignment procedure are presented in numerical form in Table 1. In this table, each 
value represents the average of the five individual experiments done at a specified 
concentration of a particular compound. For each such individual experiment the 
maximum measured value of muscle tension and the tension developed 30 min later 
“maximum tension 


‘ 


were selected. The average of the peak values is listed under 
developed”. To the right of this column are listed the averages of the developed tension 
values, in this case expressed as percentages of the corresponding maximum tension 
developed. 

The rapidity with which the tension augmentation effect grows is shown by the 
plots of Fig. |. For all concentrations of 3-OH®NMe, and for the 0-1 and 0-5 mM 
solutions of 3-OH®NMe,ET and 3-OH®NMceEt,, the maximum augmentation is 
that obtained at the five minute point which is the first reading taken. For the 0-01 mM 
and 0-5 mM solutions of 3-OH®NMe,Et and 3-OH®NMeEt, and for the entire 
range of concentrations of 3-OH®NEt,, maximum tension augmentation is reached 


in approximately 15 min. 
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Fic. | (a)}(e). Showing, vs. time, the maximum muscle tension output of the indirectly stimulated 
frog sartorius muscle after application of the quaternary ammonium compound whose structural 
formula appears over each group of plots. Concentration of the applied drug in m-moles/1. is given to 
the ri¢ht of the particular plot involved. Nerve stimulus—single rectangular pulse 0-1 msec in duration 
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MUSCLE TENSION DEVELOPED - ARBITRARY SCALE 


Muscle tension output during the stabilized state prior to drug application equals 100 units on the 

arbitrary tension scale. Open circles indicate that with progressive increase in drug concentration, 

output tension also increases. Closed circles indicate that tension output has declined below results 

obtained at the next lowest drug concentration tested. Each plot represents the average of five 
experiments. Further details in text. 
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x¢ from tension value measured during “‘stabilized state’ of preliminary 


I esents average of five experiments 


rhe relative activity of the four compounds tested can be considered first in terms 
of the increment in muscle tension developed, and second, with respect to the 


: maintenance of this augmentation effect. 

On the first mentioned basis, the data of Table | show that at 0-01 m-moles/lI., 
3-OH®N MeEt, exhibits maximum activity. It should be mentioned that in the case 
of 3-OH®N Me, and 3-OH®NEt,, there were some experiments at 0-01 m-moles/l. 
concentration in which we observed a small increase in muscle tension output which 
never exceeded 6 per cent of the control tension and was more frequently less than 
this. Since the overall accuracy of our method is estimated at 5 per cent we preferred 
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not to try to establish the significance of such small increments in tension. Hence 
at 0-01 m-moles/I., these two compounds are listed as having negligible effect. 

At 0-05 m-moles/lI., the mono, di and triethyl compounds are equally effective in 
raising the muscle tension output, but all are less effective than the trimethyl derivative. 
At 0-1 m-moles/I. the superiority of the trimethyl derivative is lost, the diethyl com- 
pound being again most active. Finally, at 0-5 m-moles/l. the triethyl compound 
becomes the most active member of the series. 

Considered with respect to maintenance of the tension augmentation effect, there 
seems to be clear indication from Fig. | and Table | that there are two processes 
involved which have dissimilar time courses. For all concentrations of the tri and 
diethyl compounds and for the monoethyl compound at 0-01 and 0-05 m-moles’I. 
the reduction of the developed tension 30 min after attainment of the maximum value 
varies from 4 to 27 per cent of the max. developed tension. The tension loss is re- 
markably independent of concentration in the case of the diethyl compound. As one 
goes to higher concentrations, the maintenance of the tension augmentation becomes 
poorer with the monoethyl compound, and with the trimethyl compound this decline 
becomes marked. Thus, the trimethyl compound shows superior activity as regards 
tension augmentation only if one considers its early effect, and, in this case, the tension 
increment is not only rapidly lost with time, but, in fact, a blocking effect supervenes 
That this reversal of activity is related with the number of methyl groups attached to 
the N atom can be readily appreciated from the curves shown in Fig. 1. 

The preceding experiments indicate that substitution of ethyl for methyl groups 
attached to the nitrogen atom influences the magnitude of the tension augmentation 
and its maintenance with time. We also tested the effect of removal of the phenolic 
group on the activity of the triethyl derivative. The results shown in Fig. I(e) indicate 
that this change causes a decrease in the tension augmenting activity of the triethy! 
compound. There is no doubt that activity depends to a considerable extent on the 
presence of the phenolic group, but at present we cannot specify the magnitude of its 
influence because in this set of five experiments, the tension augmentation produced 
by ®NEt, varied widely, much more so than with the other compounds. The time 
course of action shown in these experiments also varied considerably. 

We also attempted to test the direct action of the phenolic hydroxyl group by 
applying phenol itself to the nerve-muscle preparation at a concentration of 
0-5 m-moles/l. An appreciable augmentation of muscle tension output was produced 
which, in two out of five experiments, was almost completely established within 
5 min and which was maintained without loss for 55 min thereafter. The magnitude 
of the augmentation varied greatly. At one extreme there was no sign of augmentation: 
at the other, the tension rose to 220 per cent of the control value. Besides this variability, 
the phenol experiments showed another outstanding characteristic in that after 
removal of the phenol, in three experiments the tension did not return to the control 
value, but remained clearly above it at a new plateau, and in one experiment it fell 
far below the control value. 


Experiments involving anticurare action 

To secure additional evidence bearing on the physiological and pharmacological 
properties of this group of compounds, we proceeded to determine the action of 
certain of them in increasing the tension output of a nerve—muscle preparation in 
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which neuromuscular transmission was partially inhibited by p-tubocurarine. The 
principal point of interest in these experiments was the time course of anticurare action 
produced. The experiments were not designed to test critically the relative effectiveness 
of these compounds as anticurare agents. 

Since the time course of anticurare action of the compounds was the point of 
principal interest, we had to set up experimental conditions in which the extent of 
neuromuscular block produced with p-tubocurarine remained constant with time. 
The results shown in Fig. 2 indicate that if nearly equal average tension readings are 
obtained at three successive 10 min intervals during the final application of p-tubo- 
curarine at | mg I., then a constant degree of neuromuscular block will be maintained 
for at least the next 60 min, the maximum period studied. 

In Figs. (a) to 3c) is shown the effect on muscle tension output of applying three 
of the compounds to a neuromuscular preparation in which a stabilized partial block 
was produced by p-tubocurarine. The plot of Fig. 3(c) represents the av erage of four 
experiments; those of Figs. a) and (b) are the average of three experiments each. 
For 0-01 m-moles |. 3-OH®NMe, and 3-OH®NMe,Et the tension increase was 
practically complete 5 min after drug application, and this tension increment was 
maintained without loss for the next 60 min. For 0-01 m-moles'l. 3-OH®NMelk t., 
the tension increase was very largely established 5 min after its application; there was 
a small additional tension increment during the next 20 min, following which the 
tension remained constant at the new level for the next 35 min. Unfortunately, 
3-OH ®NEt, was not available for this series of experiments. 
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ki 2. Two cor experiments showing the muscle tension output versus time for an indirectly 
stimulated frog tormus muscle. Nerve stimulus in gular pulse O-l msec in duration 
During the Ringer control 1, tension output in t li red State 1s set at 100 units on an 
arbitrary scale. p-tubocurarine i 1 at a concentration of 2 mg |. for 8 min. Following this the 
D-tubocurarine concentration is uced to | mg |. The partial neuromuscular block, when stabilized. 
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FiG. 3(a)(c). Showing, vs. time, the muscle tension output of an indirectly stimulated frog sartorius 
muscle which has been treated with p-tubocurarine to produce a stable partial neuro-muscular 
block as shown in Fig. 2. Results show the anticurare action of three phenolic quaternary ammonium 
compounds at a concentration of 0-01 m-moles |. Figs. 3(a) and 3(b) represent the average of three 


experiments; Fig. 3(c) is the average of four experiments. 
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\ final point brought out by this series of experiments is that for the compounds 
tested, the concentration required for appreciable anticurare activity is much less 
than that 1 ed for augmentation of the muscle tension output, indicating that 
the preparat in which neuromuscular transmission is partially blocked by D- 


tubocurarine is a more sensitive indicator of facilitation of neuromuscular transmission. 


DISCUSSION 

It is now clear that under in vitro conditions. wherein drug concentration is constant, 
edrophonium produces an augmentation of muscle tension output and anticurare 
action which are long-sustained compared with that seen in vivo. Therefore. in vivo. 
important but indirect processes must operate which reduce the drug concentration 


at the site of action. 


Muscle tension augmentation 

Even in vitro, the augmentation of muscle tension output produced by edrophonium 
and its analogues, falls with time. Our data indicate that there can be an carly- 
produced rapid decline in augmentation. In addition there is a more generally present 
slow fall in tension augmentation. 

In an attempt to explain both the magnitude and the time course of the tension 


augmentation produced by this series of quaternary ammonium compounds, we 


offer the following: Consistent with the information now available one may state 
that for these compounds, the primary site of action lies on or near the muscle endplate 
membrane. At this site, these drugs exhibit in varying degrees, two modes of action. 
In what we call mode one action, the drug molecule combines rapidly and reversibly 
with acetylcholinesterase thereby inhibiting the enzyme. In mode two, the drug 
molecule combines with endplate membrane receptor sites causing either (a) receptor 
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activation followed by inactivation, or (b) inhibition without activation. Process (a) 
at the endplate, which in 


would result at first in a reduction in membrane potentia 
turn would facilitate neuromuscular transmission, perhaps leading to production of 
repetitive action potentials in the muscle fibre. With time, the endplate membrane 
receptors would become desensitized to molecules like acetylcholine, i.e. receptor 
activators, the resting membrane potential would return to normal values, and 
neuromuscular transmission would be inhibited. Process (b) is a simple inhibition 
involving no receptor activation or change in resting membrane potential. 

That the members of this series of drugs act as anticholinesterases in physiological 
concentrations is indicated by the following evidence. 

Smith e¢ a/.,"° using enzyme preparations from electric eel, bovine erythrocytes and 
frog rectus muscle have determined the anticholinesterase activity of the four members 
of this series. All were found to have appreciable inhibitory activity, although some- 
what below that of neostigmine. The order of decreasing anticholinesterase activity 
was 3-OH®N MeEt, > 3-OH®N Me. Et 3-OH®N Me, 3-OH®NEt,, with the last 
two compounds alternating in position, depending on the source of the enzyme used. 
Additional evidence bearing on the appreciable anticholinesterase activity of these 
quaternary ammonium compounds has been provided by Wilson’ and Wilson and 
Quan.’* It is worth mentioning once again that the rapid onset of activity of these 
compounds at the neuromuscular junction is not in itself a critical argument against 
the dependence of such activity on acetylcholinesterase inhibition 

Using an entirely different approach, Katz and Thesleff* showed that at the muscle 
endplate membrane, 3-OH®NMe,Et (edrophonium) potentiates the depolarizing 
action of acetylcholine, but has no such effect on the depolarizing action of carbachol, 
a compound not destroyed by acetylcholinesterase. These investigators showed 


further that the above mentioned potentiation of acetylcholine by edrophonium was 


lost if the experiment was carried out using a muscle which had been pretreated with 
sufficient neostigmine to inhibit accessible cholinesterase. They concluded that the 
principal mode of action of edrophonium is by acetylcholinesterase inhibition. 


Experiments of Nastuk and Alexander* link augmentation of muscle tension output 
with the anticholinesterase activity of edrophonium and provide evidence which 
explains the nature of the tension augmentation effect. They showed that subsequent 
to the arrival of a single motor nerve action potential at the telodendrites, there is 
produced an unusually prolonged endplate potential such that there is generated not 
one, but a burst of action potentials in the muscle fibre. Therefore, instead of the 
expected twitch, a brief tetanus results and for this reason, the tension output is 
raised above the twitch level. 

As regards the magnitude of the muscle tension augmentation, in our present 
experiments (Table |) results obtained at a low drug concentration (0-01 m-moles/1.) 
run parallel with anticholinesterase activity as determined by Smith e7 a/.'* However, 
this relationship does not hold at higher drug concentrations at which mode two 
activity apparently becomes more effective. 

The evidence which supports the argument, that among these compounds there is a 
second mode of activity which involves reaction of drug with endplate membrane 
receptors, is the following. 

Direct measurements® using intracellular microelectrodes show that 3-OH®N Me, 
at 0-01 m-moles/l. causes a reduction of endplate membrane potential averaging 
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8mV; 3-OH®NMe,Et at | m-moles/!. similarly causes a reduction averaging 12 mV. 
From these data it was concluded that, as a depolarizing agent, the trimethyl com- 
compound is six to seven times more active than the dimethylethyl derivative. It is 
important to note that this ratio is comparable to that found by Holton and Ing? who 
used stimulation of the rectus abdominis muscle as a gauge to study the effect of 
substituting an ethyl for a methyl group in acetylcholine. Katz and Thesleff* have 
also shown that a depolarization of the endplate membrane amounting to a few mV 
follows the application of 3-OH®NMe,Et. Their experiments were not designed to 
fix the extracellular drug concentration, and hence the result can only be given in 
qualitative terms. 

There are a number of papers in the literature in which the Stimulating action of 
edrophonium and its analogues has been described. lt sing contracture of frog rectus 
abdominis muscle, Smith er a/."* found 3-OH®N Me, to be the most potent compound 
of the series; progressive substitution of ethyl for methyl groups resulted in progressive 
diminution in activity. Expressed with reference to the contracture producing action 
of acetylcholine, these investigators showed that the relative order of effectiveness 
was 3-OH®NMe, |, 3-OH®N Me, Ft 1/7, 3-OH®NMceEt, 1/400, and 3- 
OH®NEt, | 360. The relative weakness of the diethylmethyl derivative compared 
with the dimethylethyl compound (edrophonium) is especially noteworthy. Results 
similar to those of Smith er a/.,"° were obtained by Pelikan er a/l., '° who studied 
production of contracture in avian muscle. | inally Randall'' showed that application 
of edrophonium and certain of its analogues can produce contracture of chronically 
denervated mammalian muscle. Here again the activity is greatest with 3-OH®NMe, 
and drops progressively as ethyl groups are substituted for methyl groups. 

From the preceding evidence it seems safe to conclude that at some concentration, 
3-OH®NMe, will sufficiently depolarize the muscle endplate membrane such that 
propagated action potentials are initiated and thus muscle contraction occurs via 
direct stimulation. On this basis, therefore, immediately after its application, this 
compound would be expected to act synergistically with acetylcholine in neuro- 
muscular transmission. From the work of Thesleff™ and also Katz and Thesleff® it is 
known that the sustained application of certain membrane depolarizing agents, such 
as acetylcholine, with time leads to a desensitization and inactivation of endplate 
membrane chemoreceptors. Therefore, with respect to neuromuscular transmission, 
3-OH®NMe, and acetylcholine are Synergists at the start, but with time the added 
drug produces receptor inactivation and thereby inhibition of transmission possibly 
to the point of blocking it completely. A synergistic relationship between edrophonium 
and acetylcholine which evolves into inhibition has been demonstrated by Katz and 
Thesleff.* 

On the basis of the preceding, it would be predicted that the purest example of 
mode one activity should be shown by 3-OH®NEt, and that as methyl groups are 


substituted for ethyl groups around the nitrogen atom an increase in mode two activity 
should occur. The data of Table | is consistent with such a prediction. When the 
concentration ts raised to 0-05 m-moles/l., 3-OH®NMe, becomes the most effective 


agent in producing an early augmentation of tension output, but as time elapses this 
relative increase in effectiveness is rapidly lost. At still higher concentration 
(0-5 m-moles |.) the trimethyl compound rapidly inhibits and blocks neuromuscular 
transmission. Edrophonium like the trimethyl compound also shows mode two activ ity 
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but only at higher concentrations. Weak mode two action is shown by 3-OH®N MeEt, 
at 0-5 m-moles/l. 

It is also worth noting that our results, obtained using the amphibian preparation, 
parallel those obtained in the mammal by Riker et a/.!2 These inv estigators measured 
the peak augmentation of an isometric muscle contraction and using various doses 
of 3-OH®NMe, and 3-OH®NEt, they obtained results which we believe can be 
interpreted on the basis of the two modes of action outlined above. 

In the preceding discussion we have argued that via activation of endplate membrane 
receptors (mode two activity), there is produced an additional early increase in tension 
augmentation but, as might be expected, this event is followed by a rapid decline in 
tension augmentation which under some circumstances may evolve into a neuro- 
muscular block. Nonetheless with compounds such as 3-OH ®NEt, and 3-OH®N MeEt,, 
in which the power to activate endplate membrane receptors is weak or absent, there 
still appears a slow decline in tension augmentation. This slow decline in tension 
augmentation could conceivable represent a gradual deterioration of neuromuscular 
transmission in the in vitro preparation. A mild deterioration of this sort could exist 
undetected in our control experiments since the appreciable safety margin in the 
neuromuscular transmission process would act as a buffer against loss in tension 
output. By comparison, the maintenance of repetitive firing at the neuromuscular 
junction, in the presence of an anticholinesterase, could be a vulnerable process in 
which various minor interfering sources might play a detectable part. Their presence 
would then be signalled by a slow fall in tension augmentation. 

While the above explanation may be correct, it does not seem to be an entirely 
sufficient one. From a recent study in vitro,? we now know that the tension augmenta- 
tion effect produced by neostigmine and its diethyl analogue (at 0-005 m-moles/I.) is. 
by comparison, appreciably better maintained over long periods of time, the rate of 
loss of the tension augmentation being less than 7 per cent/hr. 

We have no additional explanation for this residual phase of the slow decline of 
tension augmentation as seen in our presently reported results and we are forced to 
let the matter rest until new evidence is available. 


Anticurare action 

As might be expected, the concentration of drug required to reverse a partial 
block in neuromuscular transmission was found to be much less than that required 
to cause augmentation of the muscle tension output. It is of salient importance, that 
all three compounds tested maintained anticurare action without any loss over the 
entire test period. Hence transience of anticurare action as seen in vivo must be the 
result of factors other than drug action per se. 

Results of our anticurare experiments could be taken to mean that all members 
of the series which were tested are about equal in effectiveness. While in a rough way 
this is true, it must be kept in mind that our anticurare experiments were not designed 
to measure critically the relative effectiveness of the compounds tested, and they 
cannot be considered as providing such information. 

It would seem that the anticurare action exhibited by these drugs depends primarily 
on anticholinesterase activity. Direct receptor activation is probably not an important 
consideration under the conditions of these experiments first, because the drug 
concentration was low, second, the p-tubocurarine present, by combining with 
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endplate membrane receptors, inhibits receptor activation by the later added drug. 


Since at the k 


concentration of D-tubocurarine used there is little inhibitory effect 


on acetylcholinesterase,' this enzyme will not be appreciably hindered from combining 
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THE CONVERSION OF “C-LABELLED 
TRYPTOPHAN TO 5-HYDROXYTRYPTAMINE BY 
NEOPLASTIC MAST CELLS* 


R. SCHINDLERt 
Department of Pharmacology, Yale University School of Medicine, New Haven Conn. 
(Received 15 November 1958) 


Abstract—The conversion of tryptophan-3-"C to 5-hydroxytryptamine (5-HT) by 
neoplastic mouse mast cells in culture has been described. The labelled 5-HT formed 
was identified by paper chromatography and by recrystallization with carrier 5-HT 


Ihe results indicate that in these cells free tryptophan is the major, if not the sole, 


precursor of 5-HT. In preliminary experiments, this conversion was demonstrated in 


cell-free homogenates of mast cell tumours 


INTRODUCTION 
IN RECENT years, 5-hydroxytryptamine (5-HT; serotonin), because of its presence in the 
tissues of a large variety of animal species and its striking pharmacological activities, 


has been the subject of increasing interest, and its physiological functions, especially 


its role in the central nervous system, are still under intensive investigation. 


Evidence has been presented that in mammalian tissues this amine is formed from 
tryptophan in two enzymatic steps: an aromatic hydroxylation, resulting in the inter- 
mediate 5-hydroxytryptophan (5-HTP), followed by a decarboxylation giving rise to 
5-HT.? The decarboxylation of 5-hydroxytryptophan has been studied extensively, 
and the enzyme catalysing this reaction, shown to occur in many tissues, has been 
partially purified and characterized.’ ° On the other hand, relatively little is known 
about the mechanism of the hydroxylation, the rate-limiting step in the overall 
conversion of tryptophan to 5-HT in mammalian systems; this transformation has 
been studied in the rabbit by Udenfriend er a/.,° using tryptophan-2-"C. The 
hydroxylation has been shown to occur in the toad® and in Chromobacterium 
violaceum.’ Dalgliesh and Dutton® have suggested that the argentaffin cells of the 
gastro-intestinal mucosa are the major site of tryptophan hydroxylation, a reaction 
which could not be demonstrated in rat liver. 

The observation that mast cells of rats and mice, in contrast to those of many other 
species, contain large amounts of 5-HT,* and the availability of two transplantable 


mouse mastocytomas,'®: '! have offered new possibilities of studying the formation of 


5-HT. The cells of one of these experimental neoplasms (line P-815, developed by Dunn 


* This investigation was supported by a research grant (C-2817) from the National Cancer Institute, 
U.S. Public Health Service, to Professor A. D. WeLcu, whose interest in this investigation, encourage- 
ment and advice are gratefully acknowledged. The author also appreciates the careful bioassays for 
5-HT carried out by Mr. G. Pervsrern, under the direction of Dr. N. J. GIARMAN of this department. 


* Present address: Pharmakologisches Institut der Universitat Bern, Bern, Switzerland. The author 
is grateful for post-doctoral fellowship support by the Stiftung fiir Stipendien auf dem Gebiete der 
Chemie, and for supplemental assistance from a Research Training Grant (C-5012) of the National 
Cancer Institute, U.S. Public Health Service. 
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and Potter.'°) when grown in culture in the presence of undialysed horse serum, 
actively formed this amine, and sublines characterized by a markedly increased 
production of 5-HT were obtained by selection and cloning procedures (Schindler et a/."*) 
In the present paper, the conversion of “C-labelled tryptophan to 5-HT by these 
neoplastic mast cells multiplying in vitro is described, and preliminary studies on 


the formation of 5-HT from tryptophan-3-"C by homogenates of mast cell tumours 


are reported. 


EXPERIMENTAL 


(a) Cell culture studies 

A genetically pure mast cell line (designated P-815-X,), derived from the ascitic 
mast cell tumour P-815!° by a selection and two consecutive cloning procedures’* and 
characterized by an unusually high rate of 5-HT-production, was used in the experi- 
ments. The culture techniques employed and the medium have been described in detail 
previously.'* Of the cells, 2 10° were suspended in 5 ml of medium containing, per 
ml, 8 wg of DL-tryptophan-3-"C (instead of 4 ug of L-tryptophan), and incubated at 
37 C. After 24 hr the medium was renewed by centrifugation of the cell suspension, 
aspiration of the supernatant fluid and resuspension of the cells in 10 ml of fresh 
medium containing the same concentration of labelled tryptophan (a total addition 
of 294 u-moles of L-tryptophan). After a second 24 hr incubation period the cell 
suspension was centrifuged, the medium removed, and the 5-HT extracted from the 
cells: for extraction, 95 per cent acetone (40 ml) was used as described by Amin e7 a/. 
In parallel cultures with non-radioactive DL-tryptophan, the amount of 5-HT formed 
by the mast cells during the 48 hr period of incubation was determined from the 
increase in cell number and the 5-HT content of the cells before and after the incuba- 
tion. 5-HT was measured by bioassay on the heart of the clam, Venus mercenaria.“ 
The values obtained in the two experiments described in Table | were: 0-014 «moles 
of 5-HT per 2 10° cells and 0-018 «moles of 5-HT per 2 10° cells, respectively, 
before the incubation; 0-045 ~zmoles of 5-HT per 8-0 10° cells and 0-058 »pmoles of 
5-HT per 7:3 10° cells, respectively, at the end of the incubation. 

In order to separate the radioactivity of tryptophan from that of 5-HT, the material 
extracted by acetone was chromatographed on Whatman paper (No. 3), using as a sol- 
vent system a mixture of n-butanol and 25 per cent methylamine (8 : 3). In the 
chromatogram, two radioactive peaks with the R,-values of tryptophan (0°39) and of 
5-HT (0-65) were observed. The material with the R, of 5-HT was eluted from the 
paper with formic acid (0-1 N) and the eluate was evaporated to dryness. Subsequently, 
non-radioactive 5-hydroxytryptamine-creatininine-sulphate (100 mg) was added and 
recrystallizations from water—acetone were carried out, as described by Rapport 
et al.” until constant specific activity (number of counts per unit of optical density 
at 275 my in acid solution) was obtained. From the specific activity of the recrystallized 
material the total number of counts incorporated into 5-HT was calculated and 
expressed as percentage of the radioactivity added as L-tryptophan-3-"C during the 
incubation. Similarly, the proportion of L-tryptophan which was converted to 
5-HT, as measured by the bioassays, was determined. Since D-tryptophan presumably 
did not serve as a substrate for the formation of 5-HT, the amount and the radio- 
activity of L-tryptophan (e.g. half of that of pL-tryptophan-3-"C) was used as the 


basis (100 per cent) of these calculations, 
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In Table | the results obtained in two experiments are summarized; there is good 
agreement between the rate of conversion as measured by the bioassays and that 


calculated from the radioactivity found in 5-HT. 


TABLE |. THE QUANTITATIVE UTILIZATION OF DL-TRYPTOPHAN-3-!4C FOR THE FORMATION 
OF 5-HT BY NEOPLASTIC MURINE MAST CELLS IN CULTURE 


Experiment | Experiment 2 


(umoles) (c.p.m. 10°) (umoles) (c.p.m. 10°) 


Total L-tryptophan-3-"C added 0-294 3-2 0-294 3-2 

5-HT formed according to bioassay 0-031 0-040 

Total radioactivity of isolated 0-28 0-39 
5-HT (carrier) 


Conversion of L-tryptophan to 5-HT 
(a) by bioassay 
(b) by 5-HT radioactivity 


c.p.m. »mole) c.p.m. umole) 
Specific activity of tryptophan used 10-8 « 10° 10-8 « 108 
Calculated* specific activity of 9-0 « 10° 9-8 x 10° 
5-HT formed 


0-28 10° ¢.p.m. 


90 10° ¢.p.m. umole 
0-031 umole 


0-39 x 10° c.p.m. 9-8 10° c.p.m. umole. 
0-040 umole 

(b) Experiments with cell-free homogenates 

The cell line used (P-815-X,) was the same as that employed in the culture experi- 
ments. However, in this case solid mast cell tumours were produced by subcutaneous 
injections of a suspension of mast cells into(AKR * DBA/2)F, hybrid mice. Approxi- 
mately 2 weeks later the animals were killed and the tumours were excised and 
homogenized at 0 C in potassium phosphate buffer (0-01 M; pH 7-4), using 2 ml per 
gram of tissue. After centrifugation of the homogenate at approximately 950 « ¢ 
for 5 min, the supernatant fluid was decanted and an aliquot was examined in a 
haemocytometer and found to be free of undisrupted cells (less than 1000 cells per ml). 

The following compounds were added to the cell-free supernatant fluid in the 


concentrations indicated: 


(ug/ml) 
Nicotinamide 120 
DPN 200 
Pyridoxal phosphate 2 
p-Tolyl ether of choline chloride 
(as an inhibitor of monoamine oxidase) 30 
DL-tryptophan-3-"C 8 


The reaction mixture (volume: approximately 2-5 ml) in a 10 ml beaker was shaken 
for 30 min in air, at 37°C, on a Dubnoff shaking incubator. Subsequently, an extrac- 
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tion with 95 per cent acetone’ was carried out and the extracted material was 
chromatographed on Whatman paper (No. 3) with n-butanol-glacial acetic acid—water 
(4: 1:5).° The 5-HT (R,, 0-47) was separated from an unidentified metabolite 
(R,, 0-75) of tryptophan, not 5-HTP, but separation of 5-HT from tryptophan was 
not obtained this system. The material characterized by the R, of tryptophan and 
of 5-HT was eluted from the paper with formic acid (0-1 N) and chromatographed on 


Whatman paper (No. |) with n-butanol-25 per cent methylamine (8 : 3) as solvent. 


By parallel omatography of non-radioactive 5-HT the R,-value of the amine was 
adsorption and fluorescence). The radioactivity of the chromatogram 
“values was measured following division of the paper into strips of 
| which was eluted with formic acid (2 ml; 0-1 N). Figure | shows 
ulation of radioactivity at the R, of tryptophan and a second radio- 
active peal ciding with the R, of 5-HT were obtained. In two experiments, this 
second peak represented 0-3 and 0-15 per cent, respectively, of the total radioactivity 
1 to tl Dation mixture as L-tryptophan. In a parallel experiment with an 


added 


homogenat ch was heated for 30 min at 100 °C prior to the addition of nico- 


tinamide, DPN, etc., accumulation of radioactivity at the R, of 5S-HT was not observed. 


O4 
TRYPTOPHAN S-HT 
ufhcation of 5-HT formed from tryptophan-3-"C by a cell-free 
butanol-25 per cent methylamine (8 : 3). The R, of 5-HT 


graphy of non-radioactive 5-HT 


DISCUSSION 

he data of Table | demonstrate that neoplastic mast cells in culture (line P-815-X,) 
efficiently use tryptophan as a precursor for the formation of 5-HT. Two reasons can 
be cited to account for the slightly lower specific activity of the 5-HT which was 
formed during the incubation, as compared to that of the precursor, tryptophan. 
One, the labelled tryptophan probably was diluted to some extent by tryptophan 
present in the undialysed horse serum in the medium:"? and two. a small quantity of 
5-HT may have been destroyed, prior to the addition of carrier 5-HT, by oxidation 
during paper chromatography with the alkaline solvent (butanol methylamine). 
It appears, however, that these neoplastic mast cells form 5-HT mainly or exclusively 
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from free rather than the protein-bound tryptophan of the medium. Since the capacity 
to form 5-HT from tryptophan is quite specific for mast cells and cannot be demon- 
strated for other cell types (although it has been suggested* that the argentaffin cells 
of the gastro-intestinal mucosa may carry out this conversion), the findings indicate 
that in the culture system used for these mast cells’ this biochemical function is 
maintained without evidence of de-differentiation. 

The relatively low rate of conversion of tryptophan-3-"C to 5-HT in cell-free 
homogenates of solid mast cell tumours is not surprising in view of the well-known 
lability of other enzyme systems which catalyse aromatic hydroxylations.'*-*° Because 
of the limited conversion in these preliminary experiments identification of 5-HT 
synthesized by the homogenate was restricted to paper chromatography with an 
alkaline as well as an acid solvent system. However, this chromatographic evidence 
for the formation of 5-HT is supported by the fact that the homogenate was prepared 
from a tissue the cells of which are known to carry out this reaction efficiently. In 
fact, had cell line P-815-X, (characterized by a production of 5-HT which may be 
up to twenty times that of the parent line) not been available, the quantities of 5-HT 
formed by an homogenate might have been too small for detection. It should be empha- 
sized that the low rate of conversion of tryptophan to 5-HT by the homogenate cannot 
be attributed to the presence of a few undisrupted cells, since such contamination was 
excluded by microscopic examination prior to the incubation. 

These preliminary studies of the enzymatic transformation of tryptophan into 
5-HT in the cell-free system should serve as the basis for a further characterization of 
the enzymes responsible. It is hoped that purification procedures and possibly the 
appropriate use of 5-HTP as a trapping agent and of a suitable decarboxylase inhibitor 
will help to increase our knowledge of the properties and the mode of action of 


tryptophan-5-hydroxylase. 
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Abstract stud ft metabolic degradation of 5-fluorouracil has been carried out 
tients. 5-Fluoroorotic acid is not significantly degraded by 

he conversion to dihydrofluorouracil 

inalogous to those of uracil. In human 

irea. Most normal tissues, except spleen, 

iin site of degradation, and studies with 

out. Two mouse tumours have been 
man beings there is more extensive 
in by intravenous injection. There 
man malignant carcinoma and intestinal 

mal tissues and a benign fibro-adenoma. The presence of «- 


mic acid as a metabolite of 5-fluorouracil has been suggested 


INTRODUCTION 
IN CONJUNCTION with the previous studies reported from this laboratory on the 


metabolism and mechanism of action! 


of the series of fluorinated pyrimidines®: ® 
that are potent inhibitors of the growth of several transplanted tumours! 7; * and 
certain human solid tumours,’ an investigation of the metabolic degradation of 
these compounds in mice and human cancer patients has been undertaken. 

The catabolism of uracil has been the subject of thorough investigation for several 
years in the laboratories of the Finks!®~!? Canellakis.™. ™ Rutman,'* 
Fritzson,'*: *° and Reichard.*! These studies have been carried out in rats in vivo, 
in micro-organisms, and in slices, homogenates, and enzyme extracts of rat liver and 
all agree in demonstrating that uracil catabolism follows the pathway: uracil (U)— 
dihydrouracil (DHU) -ureidopropionic acid (UPA)—-CO, NH, + §-alanine 
acetic acid. Some urea has also been detected." In the present study, using compounds 
labelled with “C in the 2-carbon, we have shown that 5-fluoroorotic acid (FO) is not 
appreciably catabolized by mice, that 5-fluorouracil (FU) in mice and man follows a 
pathway exactly analogous to that of uracil for at least the first two steps (FU 
FDHU--FUPA) with the direct production of variable quantities of urea, and that 
5-fluorouridine (FUR) and 5-fluoro-2'-deoxyuridine (FUDR) are cleaved to FU, which 
is then degraded further, 


* This work was supported in part by a grant-in-aid of the Wisconsin Division of the American 


Cancer Society C-2832, from the National Cancer Institute. National Institutes of Health, 
U.S. Public H Service; and by a grant-in-aid from Hoffman-La Roche. Inc. A preliminary 
account of this wo ippeared in Prox {anes issoc. Cancer Res » | No. 4, 306 ( 1958) 

Paper VI—P Soc. Exp. Biol. Med. 97, 470 (1958) 
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MATERIALS AND METHODS 

Labelled compounds. The syntheses of 5-fluorouracil-2-“C and 5-fluoroorotic 
acid-2-"C have been reported previously.2 We are greatly indebted to Dr. B. A. 
Koechlin of Hoffmann-La Roche, Inc, for converting the labelled fluorouracil into 
5-fluorouridine-2-"C and 5-fluoro-2!-deoxyuridine-2-"C by the methods described 
by Duschinsky ef a/.® Uracil-2-"C was obtained from New England Nuclear Corp., 
on allocation from the U.S. Atomic Energy Commission. 


Animals. Female Swiss mice were obtained from Taconic Farms. Inc. Germantow n, 
N.Y. and were studied without tumours and with 8-day-old transplants of Sarcoma-180 
or Ehrlich ascites tumours.* 


Human patients, Patients with advanced metastatic cancer were used in studies of the 
metabolism of the labelled drugs. The compounds were administered and frequent 


urine samples were collected either by voiding or catheterization. Respiratory carbon 


dioxide samples were collected in Douglas bags, precipitated and counted as barium 
carbonate. The total radioactivity expired was calculated from the integrated specific 
activity curve and the basal metabolic rate of the patient. Surgical samples were ob- 
tained freshly from the operating room and were minced finely and plated and dried 
for specific activity determinations and otherwise processed by previously published 
methods.’ The clinical work on these patients was carried out by Dr. A. R. Curreri, 
Dr. F. J. Ansfield, Dr. E. L. Weston, and Dr. J. Strawitz of the University of Wisconsin 
Hospitals, and we are greatly indebted to them for this assistance. 


Carrier compounds, 5-Fluorodihydrouracil and a-fluoro-8-ureidopropionic acid 
(FUPA) were synthesized by Dr. R. Duschinsky of Hoffmann-La Roche, Inc.22 and 
were generously made available to us. 

Incubations in vitro. Ehrlich ascites cells were incubated for 30 min at 37°C in the 
medium described by Harbers and Heidelberger.** For each flask 0-25 ml of packed 
cells were suspended in | ml of ascites serum, | ml of a 10 per cent extract of chick 
embryo extract (Difco), and 0-5 ml of an isotonic saline solution containing 0-5 «mole 
of the labelled precursor, penicillin, streptomycin and glucose in a final concentration 
of 3 mg/ml. At the end of the incubation in air the cells were centrifuged and rapidly 
washed (twice) in the cold with isotonic saline and suspended in isotonic saline: 


perchloric acid was added to a concentration of 4 per cent. This acid-soluble extract 
was neutralized with KOH, the KCIO, removed by centrifugation, and the neutralized 
extract was processed chromatographically as described below. 


Mouse liver high speed supernatant fraction. A high speed supernatant fraction was 
prepared from mouse liver essentially as described by Stone and Potter for rat liver.24 
Six mice were sacrificed by decapitation and their livers (9 g), were combined and 
homogenized in a medium (36 ml) of the following composition: 0-13 M KCl, 0-01 M 
MgCl,, 0-015 M KH,PO,; the pH was adjusted to 7-2 with KOH. The homogenate was 
centrifuged at 100,000 x g for | hr in the preparative Spinco ultracentrifuge, and the 
supernatant fluid was used for the experiments. 

For the incubation, Erlenmeyer flasks were used for the isolation of metabolites. 
Duplicate incubations at 37°C for | hr in air were carried out in Warburg flasks with 
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KOH in the centre wells for trapping of radioactive CO,, which was precipitated and 
counted as BaCO,. Each flask contained 4 ml of the liver supernatant solution and 
1 ml of a solution containing 40 ~moles of potassium phosphoglycerate (from the 
barium salt), 30 «moles of MgCl,, 20 wmoles of KH,PO,, 3 umoles of triphospho- 
pyridine nucleotide (TPN), 120 «moles of nicotinamide, and | «mole of the labelled 
precursor. The reaction was stopped by pouring the mixture into alcohol to give a 
final concentration of 80 per cent. 


Ion-exchange chromatographic procedures. Some initial fractionation procedures 
were carried out with charcoal (Darco G-60) columns, in which pyrimidine bases, 
nucleotides, and nucleosides were adsorbed. Urea was not adsorbed, but variable 
results were obtained with FUPA, which was sometimes retained on the column and 
at other times was not. The ion-exchange chromatographic separations were carried 
out on | *« 20 cm columns of Dowex-|l-formate. The samples were collected on the 
automatic fraction collector in 10-ml volumes. In a typical run, the samples were 


adjusted to pH 11, which causes the pyrimidine bases and nucleosides to be retained 


on the column. The column was washed with 100 ml of water to remove the urea. 
Then they were eluted with 50 ml of 0-05 M formic acid, which removed the pyrimidine 
bases or nucleosides. Subsequently, a gradient elution was performed with 500 ml of 
water in the mixing flask and 4 M formic acid in the reservoir. Under these conditions, 
5-fluorocytidylic acid was obtained in tubes 25-35, FUPA in tubes 41-53, FUMP in 
tubes 87-100, and 5-fluoroorotic acid (FO) in tubes 105-119. Nucleoside di- and 
tri-phosphates were then eluted with 0-5 M HCl. Individual tubes were plated to 
locate the radioactive peaks, and the tubes in the individual peaks were combined 
and the total radioactivity was determined. 

In experiments not involving FO a simplified hand column procedure was developed. 
Columns of Dowex-l-formate (1 10 cm) were used, the sample was put on at 
pH 11, and 10-ml fractions were collected. Water, 50 ml, was used to elute urea, 
followed by 50 ml of 0-05 M formic acid to remove bases and nucleosides. The 
FUPA was eluted with 100 ml of 1-5 M formic acid, FUMP with 50 ml of 2-5 M 
formic acid, and nucleoside di- and tri-phosphates with 0-5 M HCl. The radio- 
activity was located as described above. 


-aper chromatographic separations. The numerous solvent systems described by 
Fink et a/."'» '* were explored. The most useful one was the upper phase of the following 
mixture : ethyl acetate : 90 per cent formic acid : water (60 : 5 : 35Y,V VY). The R, values 
in the above descending system were Fl 0-57, FUR = 0-35, and FUDR = 0-51. 
In the system n-butanol : water : formic acid (77 : 13 : 10) FUPA had an R, of 0-48, 
while that of UPA was 0-55. The paper chromatographic systems were mostly used 
for the confirmation of the separations obtained by ion-exchange chromatography. 


Identification of metabolites. Radioactivity present as urea was identified by actual 
isolation from human urine and crystallization to constant specific activity following 
initial ion-exchange fractionation. In other experiments, carrier urea was added and 
urea nitrate and urea oxalate were prepared and crystallized repeatedly until constant 
specific activity was obtained. The identification was confirmed by the liberation of 
radioactive CO, from samples with urea carrier by treatment with urease. It was also 
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determined in urine by direct paper chromatography in the system ethyl acetate: 
formic acid : water (60 : 5 : 35), R, = 0-43; and in the system n-butanol : water : 
formic acid (77 : 13 : 10), R, = 0-28. The urea spot was located by spraying with a 
solution containing 100 ml of ethanol, 10 ml of concentrated HCl and 1 g of p- 
dimethylaminobenzaldehyde. A yellow spot was obtained after drying." 

The radioactivity present as UPA and FUPA was identified by paper chromato- 
graphy in the presence of the appropriate carriers, following ion-exchange fractiona- 
tion. The spots were located by spraying with the same reagent as used for urea. 

Dihydrofluorouracil is very labile to alkali, which readily hydrolyses it to FUPA. 
Hence, it was not determined as such in most experiments, since it is hydrolysed at 
the pH of urine. However, it was characterized in the homogenate experiments, which 
were determinated by the addition of ethanol. Following the addition of DHFU as 
carrier, the radioactivity followed the carrier in the butanol : water : formic acid 
paper chromatographic system with an Rr of 0-41. This material was eluted, hydrolysed 
with mild alkali and rechromatographed to give FUPA. 

Radioactivity present as 5-fluorocytidylic acid was identified by hydrolysis with 
60 per cent perchloric acid of the characteristic peak from ion-exchange chromato- 
graphy. The solution was neutralized with KOH, the KCIO, was removed, and 
carrier 5-fluorocytosine was added. This was then chromatographed on Dowex-1- 
chloride as described for the purification of FU,? and all the radioactivity was contained 
in the 5-fluorocytosine peak. 


RESULTS 
Metabolism of FU in cancer patients 
Throughout this programme of research it has seemed desirable to carry out 
metabolism experiments on the series of fluorinated pyrimidines both in animals and 
in human cancer patients receiving the drugs for therapeutic evaluation. Such studies 
in human patients of blood levels, excretion, tissue distribution, and metabolism 
might serve to guide the clinicians towards more effective regimens of therapy. We 
have previously reported data of this kind on a patient suffering from carcinoma of 
the lung.? Because we have consistently observed’ that these compounds were con- 
siderably less inhibitory towards the growth of transplanted rat and mouse tumours 
when given by stomach tube than by other routes or administration, clinical trials of 
§-fluorouracil have thus far been carried out primarily by intravenous injection.’ 
Nevertheless, it was desirable to compare the blood level, excretion, and tissue distribu- 
tion of the drug given intravenously and orally. Accordingly a female patient with 
recurrent benign fibrodenomas following mastectomy was studied. She was given, 
intravenously per kilogram, 15 mg (i.e. 955 mg; 138 yc) of 5-fluorouracil-2-“C and 
frequent blood, urine and respiratory carbon dioxide samples were collected. Twelve 
hours later biopsy specimens were obtained of liver, tumour, and surrounding muscle, 
skin and fat. One week later she returned and received the same dose of labelled 
drug orally. A second liver biopsy was refused, but the other specimens were obtained. 
The blood levels of radioactivity following both modes of administration are shown 
in Fig. 1. When the specific activity of the intravenous experiment was extrapolated 
to zero-time a quantity was obtained consistent with equal distribution throughout 
the body water. The blood level of radioactivity decreased rapidly for the first 2 hr and 
then more slowly. The figures represent drug equivalents of radioactivity. It will be 
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noted that following oral administration the drug is absorbed rapidly, since the 
maximum blood level was reached 20 min after the drug was swallowed in pineapple 
juice. After the first hour the blood levels were not significantly different with both 
routes of administration. The radioactivity was essentially all present in the plasma. 
Of the radioactivity in the blood | hr after the intravenous injection, 25 per cent was 
present as unchanged drug. 


Fic. 1. The blood level of radioactivity in a cancer patient following intravenous and oral 
administration of 5-fluorouracil-2-“C, Counts min per ml of plasma vs. time 


The data on excretion of radioactivity in the respiratory CO, and urine together with 


the specific activity of the tissues obtained on biopsy are given in Fig. 2. There was 


insignificant foecal elimination of radioactivity. Although the shape of the specific 
activity Curves of the respiratory carbon dioxide was similar after both methods of 
administration, a higher specific activity was reached in the oral experiment. This is 
reflected in a higher total degradation of 5-fluorouracil to carbon dioxide, when the 
compound was administered orally than following its intravenous use. There was 
somewhat less urinary excretion when the drug was given orally. However, at 24 hr 
90 per cent of the dose was excreted following oral administration as compared with 
75 per cent by the intravenous route. This greater retention following parenteral 
administration is reflected in the somewhat higher specific activity of the tissue samples. 
In these benign lesions the specific activity was considerably less than that of the liver, 
in contrast to the previously reported higher specific activ ity of a human lung carcinoma 
than liver.* In order to gain further information on the correlation of drug uptake 
and malignancy of human tumours, labelled FU was given intravenously, 4 hr before 
Surgery to a female patient with a malignant carcinoma of the coecum. The specific 
activities of various tissue samples are shown in Table |. It was observed that both the 
tumour and normal intestinal mucosa had specific activities higher than that of liver, 
and considerably greater than those of the other tissue samples taken. This is in 
agreement with the findings of selective localization of radioactivity previously 
reported in Sarcoma-180 tumour of mice, although in the human subject there was a 
relatively greater concentration of label in the intestinal mucosa than in the mouse.” 
This finding explains the high toxicity of 5-fluorouracil to the gastro-intestinal tract 
of cancer patients,* and taken together with the information on the other two patients, 
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shows that there is a higher specific activity in malignant tumours than liver, whereas 
benign tumours have a lower specific activity than liver. 


Urinary excretion of metabolites 

Because the fluorinated pyrimidines studied were labelled in the ureido(2)-carbon 
it was possible to study the degradation of the compounds as far as a-fluoro-f- 
ureidopropionic acid (FUPA). This has been shown to be cleaved to urea and carbon 
dioxide, but the fate of the remainder of the molecule could not be determined because 
it no longer contained the labelled carbon atom. Although in normal metabolic 
experiments the specific activity of the urea is known to be in equilibrium with that of 
respiratory carbon dioxide, the fact that in urine samples from patients treated with 
labelled FU the specific activity of the lowest sample of urea was fifty times higher 
than the most active sample of respiratory CO, indicates that there is a direct cleavage 
of the drug to urea. 
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Fic. 2. The specific and total radioactivities of respiratory carbon dioxide and the total radioactivity 
in urine of the patient following oral and intravenous administration of FU-2-'C. The figures after 
the tissue samples are in counts/min per mg dry weight of tissue. 


Urine specimens obtained 12 hr after intraperitoneal injection of tumour-bearing 
mice with FU-2-"C and FO-2-"C were fractionated as described under Methods. 
The results of typical experiments are given in Table 2. It will be noted that 5-fluoro- 
orotic acid is excreted in the urine largely unchanged. However, there is an appreciable 
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TABLE |. HUMAN PATIENT RADIOACTIVITY DISTRIBUTION 
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TABLE 2. TOTAL COUNT MIN AND PERCENTAGES OF ADMINISTERED FLUOROPYRIMIDINES 


IN FRACTIONS OF MOUSE URINES HR AFTER DOSAGHI 


FU-2-"* FO 


nm) 


$00,000 1. 100.000 


£ 


§$0.000 0 

50.000 ; 165.000 
f 
650 000 46,000 
10.000 


— 


100.000 

20.000 
7.650.000 984.000 


KOH for 


conversion to FU. Although there was litthe FUPA present in these urines (3-3 per 
cent) there was 9-1 per cent of an unknown metabolite. The fact that the latter lost 
practically all its radioactivity after prolonged alkaline hydrolysis suggests that it is a 
ureido-acid different from FUPA, and considerably more acidic, as determined by its 
ion-exchange chromatographic behaviour. Thus we tentatively suggest that this 
metabolite might be a-fluoro-a'-ureido-succinic acid, the compound obtained by 
ring-opening of fluoroorotic acid, analogous to the FUPA obtained by cleavage of 
fluorouracil. In the case of FU, 38 per cent was excreted unchanged and 62 per cent 
was present as FUPA. Only minor amounts were converted into urinary FCMP, 
FUMP, urea and polyphosphates 

Similar experiments were carried out on mouse urines following administration 
of 5-fluorouridine (FUR) and 5-fluoro-2’-deoxyuridine (FU DR) and the results of the 
fractionations are shown in Table 3. In the case of FUR there was an appreciable 
conversion to urea, and || per cent was excreted unchanged, with no evidence of 
conversion to FU. There was extensive metabolism to FUPA (69 per cent). With 
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TABLE 3. TOTAL COUNTS/MIN AND PERCENTAGES OF ADMINISTERED MATERIAL IN MOUSE 
URINE FRACTIONS FOLLOWING FLUORONUCLEOSIDE TREATMENT 


Precursor 


Fraction FUR-2-' FU DR-2-"¢ 
(24 hr) (4 hr) 


(counts min) (counts min) 


Sample fractionated 382.000 100 10,000,000 100 
Urea 20,000 5-2 50.000 0-5 
Fl 0 0 320,000 3-2 
FUR 38.000 11 0 0 
FUDR 0 0 5.010.000 SO 
FCMP 0 0 25,000 03 
FUPA 265,000 69 3.900.000 39 
FUMP 2000 0-5 20.000 0-2 
Polyphosphates 1000 03 3000 0-03 

Total recovery 326,000 85-4 9.340.000 93-4 


FUDR, 50 per cent of the radioactivity in the urine was present as unchanged FUDR 
with some conversion to FU. FUPA accounted for 39 per cent of the label in the 
urine. Because of the possibility that the pyrimidine ring might have been cleaved 
before the loss of the ribose or deoxyribose, the FUPA fractions in these urines were 


examined by paper chromatography. However, in both solvent systems the radio- 


active spots migrated as FUPA. Therefore, it appears that these nucleosides were 
converted into the pyrimidine base before ring cleavage. 


In order to obtain more extensive information as to the course of the metabolism 
of FU in man, the urine samples collected from the lung cancer patient, whose overall 


excretion Was given in a previous paper,” were fractionated: the results are shown in 
Table 4. The greatest amount of radioactivity was excreted during the first 45 min after 
the intravenous injection of labelled FU: this was preponderantly unchanged drug. 


TABLE 4, URINARY EXCRETION IN HUMAN PATIENT GIVEN 14 MG OF 5-FLUOROURACIL 
PER KILOGRAM (177 yc) 


Total Fl FUPA Urea 
Time of Collection (°.) (%) (%) (%) 


0-45 min 
45 min—!} hr 


10-12 hr 


hr 0-54 0 28 71 
24-48 hr 0-34 0 16 &4 
Total 19-8 


However, the amount of FU present in the urine samples rapidly decreased, so that 
no unchanged drug was detectable after 34 hr. The proportion of FUPA in the urines 
increased to a maximum in the 34 hr sample and then decreased with time. The meta- 
bolic conversion to urea increased with time, so that in the 24-48 hr specimen, 84 per 
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cent of the radioactivity was present as urea. Evidently the human being converts 
5-fluorouracil more extensively to urea than does the mouse. Thus, it appears that 
shortly after injection of the drug, when the blood level is high, there is a spillage of 
the drug through the kidneys, and as time passes there is an increased excretion of 
metabolic degradation products. : 

When 5-fluoro-2’-deoxyuridine became available for clinical trial, some labelled 
compound was administered to the first patient that received the drug. Insufficient 
radioactive compound was available for tissue studies. The blood-level and CO,- 
excretion curves seemed similar to those obtained with FU and will not be given here. 
However, the pattern of excretion in catheterized urine samples was studied and the 
data are given in Table 5. It was found that the greatest amount of radioactivity was 
excreted in the 10-20 min interval after intravenous injection. The total amount 
eliminated in the urine was comparable to that found with 5-fluorouracil itself. As in 


TABLE 5, PERCENTAGE RECOVERY AND FRACTIONATION IN CARCINOMA PATIENT RECEIVING 
FU DR-2-"C INTRAVENOUSLY 
(8-2 mg/kg, 565 mg, 70,000,000 counts/min total) 


Time interva 


n 
10-20 
20—30 
30-40 
40—50 
50—60 


Total O 


l 


& 
300 
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the case of FU there was considerable excretion of unchanged drug at first, the 
FUPA reached a maximum at 2-4 hr, and the proportion of label present as urea 
steadily increased. When the 0-05 M formic acid fraction was separated by paper 
chromatography into FU and FUDR (no FUR being found), a constant ratio of about 
three parts of FUDR to one part of FU was found at all time intervals studied. 
Suitable control experiments with labelled FUDR showed that there was no decomposi- 
tion to FU on standing in urine or during the isolation procedure. Therefore, this 
finding represents drug metabolism, although its significance is not clear. 


Experiments in vitro 

Because of the numerous demonstrations of the degradation of uracil in soluble 
systems derived from rat liver,"*~'’. *! we decided to study the catabolism of FU 
under similar conditions. The system that we employed was similar to that of Stone 
and Potter,™ and consisted of the high speed supernatant fraction from mouse liver 
fortified with phosphoglyceric acid and nicotinamide. Incubations were carried out in 


tans Dose Urea Fl FUDR FUPA 
13 0-2 72 2-4 
n 39 0-2 67 29 195)! 
n 23 0-3 66 16-7 
n 1-9 0-6 $7 18-4 
n 1-6 1-2 5 41 44-5 
n 0-4 2:1 5 38°5 48 
R 
1~2 hr 2.2 3.2 48 
4-8 hr 2-5 31-6 42 
8-12 hr 1-0 70:5 8-8 21 
12-24 hi 1-6 80 2 18 
Total 0—24 hi 22-8 
Sy 
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Erlenmeyer flasks for 1 hr, except that duplicate runs were carried out in Warburg 
flasks for the collection of respiratory carbon dioxide. In the same experiments we 
compared equimolar amounts of FU-2-"C and uracil-2-"C. The results are shown in 
Table 6. It is evident that both substrates were extensively degraded. However, this 
system converted uracil predominantly to carbon dioxide, whereas the metabolism of 
FU was carried mostly to the FUPA stage. Perhaps the enzymes that degrade FUPA 
to carbon dioxide and urea are located elsewhere in the cell. In these experiments, in 
agreement with previous work,” there was relatively little conversion of uracil into 
nucleotides. It seemed likely, based on the analogy: '* of the situation with uracil. 
which is extensively catabolized in liver and anabolized in tumours, that the selective 
localization of radioactivity from FU in tumours?: 3 may have resulted from an 
inability of the tumour to degrade the drug. Accordingly, we investigated the acid- 
soluble fraction following incubation of Ehrlich ascites cells with FU-2-"C. The 
results given in Table 7 show clearly that there is no conversion of the drug into urea, 
and that only 2-5 per cent of the radioactivity in the sample was present as FUPA. 
On the other hand, there was an extensive conversion (45 per cent) into nucleotides. 


Thus, it is evident that these tumour cells have little. if any, Capacity to degrade 
5-fluorouracil and instead convert it efficiently into nucleotides. 


TABLE 6. TOTAL COUNTS/MIN AND PERCENTAGES IN METABOLITES OF 5-FLUOROURACIL 


AND URACIL PRODUCED BY HIGH-SPEED SUPERNAT ANT FRACTIONS OF MOUSE LIVER 


Precursor 


Fraction 


FU-2-'¢ Uracil-2-4C 


(count min) (count min) 


Sample fractionated 2,500,000 100 2,300,000 100 
CO. 100,000 4 1,380,000 60 
Urea 30,000 1-2 3200 0-1 
20,000 0-8 
Fl 25,000 1-0 
FUR 50,000 2-0 
l UR 8000 03 
FCMP 30,000 1-2 
FUPA 1,920,000 77 
UPA 97,000 4:2 
FUMP 33,000 1-3 
UMP 11,000 0-5 
Polyphosphates 12,000 0-5 5600 03 


Total recovery 2,220,000 SY 1,505,000 66 


TABLE 7. TOTAL COUNTS/MIN AND PERCENTAGES AS METABOLITES OF 5-FLUOROURACII 


IN THE ACID-SOLUBLE FRACTION OF EHRLICH ASCITES (¢ ELLS FOLLOWING in vitro INCUBATION 


(counts min) 


Acid-soluble fraction 80,000 100 
Urea 0 0 
Fl FUR 22,000 27 
FCMP 3000 3:8 
FUPA 2000 2°5 
FUMP 16,000 20 
Polyphosphates 20,000 25 


Total recovery 63,000 79 
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Metabolism in vivo of FU in other tissues 

In order to determine the amount of metabolic degradation products of 5-fluorouracil 
found in the tissues of normal mice | hr after intraperitoneal injection, the experiment 
described in Table 8 was performed. The extent of degradation is exemplified by the 
percentage of urea and FUPA found in the tissues, and the anabolism is measured by 
the amount of radioactivity present as FUMP and the di- and tri-phosphates. In this 
experiment, FCMP was not separated from the FU-fraction. It is evident that high 
amounts of degradation products were found in all the tissues examined except the 
spleen, and the greatest conversion of FU into nucleotides was observed in the spleen 
and small intestines. With this information at hand it became desirable to determine 
the amount of degradation products found in the liver and tumours of mice bearing 
Sarcoma-180 following injection of labelled FU. The data given in Table 9 show that 
appreciable amounts of degradation products were present in the tumour, although 
they were found to a considerably lesser extent than in the liver. In this experiment the 
FU- and FCMP-fractions were separated by paper chromatography, and a third 
component with an R, of 0-73 was obtained from the tumour. The tumour showed a 
higher conversion into nucleotides than did the liver. 


TABLE &. THE DEGRADATION OF 5-FLUOROURACIL IN THE TISSUES OF NORMAL MICI 


in vivo | HR AFTER INTRAPERITONEAL INJECTION OF 25 mg/Kg PER CENT OF RADIOACTIVITY 
IN COMPOUNDS 


Total 


Tissue ounts min) Urea di and tri-P’s | Recovery 


Liver 5,000 
Kidney $3,400 
Small intestine 38,400 
Brain 9760 
Lungs 8180 
Spleen 7220 
Heart 3530 


In this experiment, FCMP was included in the FU fraction 


TABLE 9. THE DEGRADATION OF 5-FLUOROURACIL | HR AFTER INJECTION OF 25 mg/kg 
INTO MICE BEARING SARCOMA-I80 OR EHRLICH ASCITES CARCINOMA PERCENTAGE OF 
RADIOACTIVITY IN COMPOUNDS 


ok di and 
Tissue ints n res R,O-73 FUPA FUMP FCMP. tri-P’s Recovery 


Liver 3] 5 6 5 123 
Sarcoma-180 0 10] 
Plasma 10,7 0-1 117 
Ascites fluid 71 3 0-6 9} 
Ascites cells 2 2 28-0 83 


In view of the fact that degradation had not been observed in Ehrlich ascites 
cells incubated in vitro, but was found to at least a small extent in Sarcoma-180 in 
vivo, an experiment was carried out in which FU was injected intraperitoneally into 
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mice bearing the Ehrlich ascites carcinoma. After | hr a sample of blood was obtained 
by heart puncture and the ascitic material was collected. The cells were obtained by 
centrifugation, were washed twice rapidly in the cold with isotonic saline, and the 
washes were combined with the ascites fluid. Acid-soluble extracts were prepared 
and chromatographed from the blood plasma, ascites fluid, and ascites cells. The 
results are shown in Table 9. Of the radioactivity in the plasma, 80 per cent was present 
as FUPA. In the ascites fluid there was considerable FUPA but small amounts of 
nucleotides. On the other hand, in the ascites cells there were relatively littke FUPA and 
large quantities of nucleotides. With respect to degradation of FU by the cells, the 
question here is whether the FUPA in the cells was derived from the FUPA in the 
ascites fluid or vice versa. In this experiment the volumes of the ascites fluid and cells 
were 9-0 and 4-5 ml, respectively. When the concentrations of FUPA are calculated 
in the fluid and cells they are 66,800 and 11,000 counts/min per ml, respectively. 
Similarly, the concentration of FUPA in the blood plasma is 8600 counts/min per ml. 
These concentrations lead to the firm conclusion that the FUPA in the cells came from 
the ascites fluid. If the reverse had been true, and the cells were making FUPA, the 
concentration would have had to be higher in the cells than in the fluid, such as was 
found for the nucleotides, which are made in the cells. Thus it has been shown, both 
in vivo and in vitro, that Ehrlich ascites cells are incapable of degrading 5-fluorouracil. 

These data may also pertain to the question as to the relationship of the ascites 
fluid and blood plasma. The similarity of the pattern of metabolites in the two fluids 
suggest a common derivation and rapid equilibration. However, the concentration of 
FUPA in the ascites fluid is considerably higher than in the plasma. This suggests 
that there may be a direct leakage of FUPA from the liver into the ascites fluid 
possibly due to irritation. This appears reasonable, because the concentration of 
FUPA in the liver at the same time is 92,000 counts/min per g. Thus it appears that 
the liver is the main centre of FU-degradation, and it probably supplies the majority 
of the FUPA found in the blood plasma, ascites fluid, and ascites cells. 

The substance with an R, of 0-73 in the butanol-formic acid—water system had an 
acidity comparable to that of FCMP, according to its behaviour on ion-exchange 
chromatography. It seemed likely that this compound might be a-fluoro-8-guanido- 
propionic acid. Accordingly, an aliquot eluted from the paper was hydrolysed with 
boiling 0-2 N KOH for 2 hr, and another aliquot was treated with nitrous acid at 
room temperature. As a result of the latter treatment there was some unchanged 
material, but the majority was converted into FUPA. In the alkaline hydrolysis, 
50 per cent of the radioactivity was present in urea and the remainder in FUPA. 
These results strongly suggest, but in the absence of a carrier compound do not 
prove, that the compound with an R, of 0-73 is a-fluoro-8-guanidopropionic acid. 


DISCUSSION 
It is clear from the present investigation that the initial steps in the degradation of 
§-fluorouracil to dihydrofluorouracil and a-fluoro-8-ureidopropionic acid are exactly 
analogous to those extablished for uracil (Fig. 3); in addition, there is some further 
cleavage of FUPA to give urea, a process which is quantitatively important in the 
human being. Since the FU is labelled in the 2-carbon, which becomes the ureido- 
carbon of FUPA, it has not been possible to study the fate of the remainder of the 
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molecule. Studies which are now in progress with FU-6-"C are aimed at the elucida- 
tion of that problem. The probable demonstration of a-fluoro-8-guanidopropionic 
acid as a metabolite represents a new contribution to the field. 5-fluoroorotic acid 
is not appreciably degraded by the mouse. 


Fic. 3. The initial stages in the metabolic degradation of uracil and 5-fluorouracil 


The experiments on the degradation of FU with mouse liver supernatant fractions 


showed that this material was capable of degrading FU to the FUPA stage, and 
uracil primarily to carbon dioxide, in agreement with the work of others.’°~'» 
This degradation is so extensive that the liver is probably the main site of catabolism 
in the body, although we have found that degradation is carried out in vivo by normal 
tissues with the exception of spleen. 

The inability of the Ehrlich ascites tumour to degrade FU has been demonstrated 
both in vivo and in vitro. Since the majority of the radioactivity circulating in the 
plasma is in the form of FUPA and Sarcoma-180 is highly vascular, it is possible that 
the FUPA found in this tumour in vivo may have been present in the blood in the 
tumour and not as a tumour metabolite. It has been suggested several times that 
the reason for the high utilization of uracil by tumours might reflect a lack of cata- 
bolism in the tumour,"*: '*. ** and the present study suggests that this is likely. It is of 
interest in this connexion that Potter has clearly demonstrated in vivo that thymidine 
is extensively degraded by rat liver, but not by the Novikoff hepatoma.” Skipper and 
Bennett have recently reviewed a number of other cases where tumours have shown a 
low catabolic activity for other nucleic acid precursors and metabolites,** and de 
Lamirande e¢ a/.2* have demonstrated a lack of purine catabolic enzymes in the Novi- 
koff hepatoma. Thus, it may be that this is a general biochemical characteristic of 
tumours. The selective localization of radioactivity from FU in tumours? and the 
selective biochemical effects of the compounds in tumours* may be a result of this 
lack of catabolism in the tumours. 

The study of the catabolism and tissue distribution of labelled FU in human cancer 
patients has been a contributing factor in setting up clinically effective dosage regimens. °® 
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ACRYLYLCHOLINE: A NEW NATURALLY OCCURRING 
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Abstract 


prosobranch marine gastropod 
Bu ve a very high acetvicholine- 
rR issue) when assaved on the 
il acetyicholine equivalences 
imily of prosobranch gastropods, 
ve principle has been identified 
ch have been tsolated previously 


rvivicholine) and 3-dimethyl- 


PROSOBRANCH ga pods possess, on the under-surface of their mantles and adjacent 


to their gills, a modified slime gland of unknown function known as the hypobranchial 


gland. The gland f particular family of this order of snails, the Muricidae, are 


rich in a fluorescent erivative which in the presence of crushed glandular 
material, light and a idized to the intense purple dye, 5,5’-dibromindigo, the 


much prized 1 ancient world. Extracts of the glands are highly 


toxic to both cold- and 1-blooded animals,’ producing paralysis. The glands also 
contain a very higl nt of an acetylcholine-like substance,’ later identified as 
urocanylcholin R 4(5)-imidazolyl-), a choline ester with neuro- 


muscular block lhus urocanylcholine ts probably mainly responsible for 


the toxic properti glandular extracts 


CH-CO-O'CH,CH,N Me, 
R 


\ny new naturally occurring pharmacologically active ester of choline— particularly 


one possessing neuromuscular blocking action— is of interest not only in connection 


with the general problem of cholinergic function, but also in relation to possible 


clinical applications in human and veterinary medicine. Urocanycholine has itself 


received clinical trial.° Accordingly a survey was made of a number of marine gastro- 
pods and other molluscs.’ Two other choline esters were discovered. One of these 
occurs in place of urocanylcholine in the Muricidae Thais floridana (Southern oyster 
drill) and has been identified as 8,8-dimethylacrylylcholine (1,.R, = Re = Me); like 


urocanylcholine, this has neuromuscular blocking and ganglion-stimulating properties. * 
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The other new ester occurs in Buccinum undatum (the common whelk). The high 
choline ester content of the hypobranchial glands of this species, which is not a member 
of the Muricidae, is the first example of this phenomenon in a non dye-secreting snail. 


This ester has now been identified as the parent substance of the series, acrylyl- 
choline (I1,R,; = R, = H). The evidence for this is as follows. The active substance 
was alkali-labile, was destroyed by purified plasma cholinesterase, formed an acid 
hydroxamate in alkaline solution and yielded choline (identified by paper chromato- 
graphy) on hydrolysis. The active material is therefore a choline ester. It took up 
approximately | mole of bromine/mole ester (Table |) suggesting that it is the choline 
ester of an unsaturated fatty acid. The active material when chromatographed on 
columns of the ion-exchange resin Amberlite XE-97 buffered to pH 4-3 proved to have 
a retention volume lower than that of crotonylcholine or its higher homologues.’ 


TABLE 1. FORMATION OF VOLATILE FATTY ACID FROM. AND UPTAKE OF BROMINI 
BY HYDROLYSATES OF BUCCINUM ESTER 


Ester estimated by the ferric hydroxamate method choline spectrophotometrically.’ volatile 
fatty acid by steam distillation in a Markham still in the presence of excess magnes suipnate al 
pH 3 and titration of successive fractions of distillate’? and bromine uptake by the method of Trappe 


1 brackets are percentage 


*Ester hydrolysed by incubating with 10 me purified | in plas C esterase preparation 


(Kabi A, B.. Stockholm) for 15 3 and prep tion released 120 nmoles acid mg 
per hr from 30 mM acetylcholine in NaHCO 
*Identified as acrylic acid by vapour phase 


Since retention volumes increase with chain length in both the saturated and un- 
saturated series,’ this suggested that the new ester was acrylylcholine. On submitting 
hydrolysates of the ester to steam distillation (Table |), a volatile fatty acid was 
recovered in 33-66 per cent yield which was identified (Fig. 1) as acrylic acid by vapour 
phase chromatography. Synthetic acrylylcholine had the same chromatographic 
properties (Fig. 2) and relative molar potency on the frog rectus abdominis muscle 
as the new ester. 
EXPERIMENTAL 

Techniques. The extraction of tissue, biological assays, chromatography and 

chemical analyses were carried out as already described.’ The unit of biological 


activity (u.) is that amount of extract eliciting a response from the test organ (frog 
rectus abdominis muscle) equivalent to that from | m-«umole acetylcholine. 


Ule 
Ester holine Volatile fatty B mine uptake 
famoites) mmoles) wid roles 
32-8 22-5 (69) 
14-2" )-32 (66) 
>-6] 
1-83 (40) 
14.0 14-60 (33) 
1.4 }.3 ? 
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m Buccinum ester 


Fic. |. Vapour ise Chromatography of acrylic acid and volatile fatty acid from Buccinum ester 


The graph shows ¢ amount of fatty acid emerging from the column as a function of time or volume 
of effluent nitrogen 


/solation of ester from Buccinum undatum. A typical preparation was as follows. 
The hypobranchial glands (wt. 413 g) from 62 live Buccinum (obtained from the 
Marine Biological Laboratory, Plymouth, with the kind co-operation of the Director, 
Dr. F. S. Russell, F.R.S.) were dissected out and dropped into ice-cold 10 per cent 
(w ¥) trichloroacetic acid (900 ml). The tissue was finely comminuted in a blender and 
centrifuged ; the precipitate was resuspended in more 10 per cent (w/v) trichloroacetic 
acid (200 ml) and recentrifuged. The combined supernatants were extracted with 
ether to pH 4-5, evaporated to a small volume (70 m!) and centrifuged to remove a 


small amount of insoluble material. This extract contained 120,000 u. of activity, 


corresponding to a specific activity (‘acetylcholine equivalence’) of the original 
gland of 290 :. The active ester was purified by precipitation as the water insoluble 
reineckate. Saturated aqueous ammonium reineckate (2-5 vol.) was added to the 
extract at 0 ; the precipitate was collected, dissolved in a small volume of 50 per cent 


(vv) aqueous acetone and the reineckate ion replaced by chloride by passing the 
solution through a column of De-Acidite FF (The Permutit Co., Ltd., London, — 16 
50 mesh) in the chloride form. The effluent was evaporated to dryness giving a 
crystalline residue containing 78.000 u. of activity (yield, 65 per cent) 

Properti wtive material, Activity was destroyed by heating for 10 min at 
100) and pH !2 or by incubating with cholinesterase (details in Table 1). Choline 
was indentified in the hydrolysate as a compound giving a positive enneaiodide 
reaction under the conditions described by Appleton, La Du, Levy, Steele and Brody” 
and having an Rp value (0-35) identical with that of authentic choline in n-butanol- 
ethanol-acetic acid-water (8 : 2: 1:3). Approximately | mole of choline was re- 
covered mole ester (Table |). On treating solutions of the active material with alkaline 
hydroxylamine under the conditions given by Hestrin,'® an acylhydroxamic acid was 
formed which was detected by the formation of a reddish-brown complex with 
ferric 1ons. A comparison of the ester content of solutions determined in this way 
with their biological activity using acetylcholine as a standard enabled their molar 
potency relative to acetylcholine to be determined. This was 20-40 per cent when the 
frog rectus was the assay preparation but less than | per cent when the guinea pig 
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ileum was used. This difference in the relative molar potencies as determined on these 
(Wo test organs ts also seen with substituted acrylic esters of choline,’: * 

On submitting hydrolysates of active material to steam distillation at pH 3 in the 
presence of enough MgSO, to retain HCI,’ a volatile acid was obtained in the distillate. 
The yield of acid was 33-66 per cent of the ester hydrolysed (Table 1). Acrylic acid 
was recovered in 63 per cent yield under identical conditions. The acid was con- 
centrated and submitted to vapour phase chromatography" (| ig. 1). It had thes ame 
retention volume as acrylic acid and could not be separated from the latter when 
rechromatographed as a mixture 

lhe acid component of the ester was found to combine with bromine in chloroform 
under the conditions given by Trappe."* Chloroform solutions of the acid were 
prepared from steam distillates evaporated to dryness under alkaline conditions or 
from freeze-dried alkaline hydrolysates of the ester after acidification with a few 
drops of 30 per cent phosphoric acid. After extraction into chloroform, the solution 
was dried by passing it through a small column of anhydrous Na.SO, and keiselguhr. 
The amount of bromine taken up (Table |) corresponded approximately to that 
required for one double bond in the molecule. 

Synthesis of acrylylcholine. Acrylylcholine was synthesized by the method of 
Fourneau and Page." Acrylic acid (3-5 ml) was refluxed with 8-bromoethanol (3-5 ml) 
in dry benzene (10 ml) in an apparatus with a water trapping device. The presence of 
an acid catalyst caused the polymerization of acrylic acid. It was therefore omitted. 
although this resulted in a low (30 per cent) yield of ester. After | hr the benzene was 
evaporated, the residue taken up in ether, freed from unesterified acrylic acid by 
extracting with 5 per cent (w/v) NaHCO, and washed with water. The ether layer 
was dried, evaporated and the residue heated with excess anhydrous trimethylamine 


\ 


Fic. 2. Column chromatography of synthetic acrylylcholine (filled circles) or natural ester (open 
circles) on columns of the weak acid ion exchange resin Amberlite XE-97 (0-6 cm diameter 10 cm 
height). The resin was buffered to pH 4-35 with 0-1 M-NaH,PO, before use and the esters eluted with 
0-1 M-NaH,PO,. The graph shows the distribution of biological activity in successive fractions of 
eluate 
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in dry benzene in a sealed tube at 60 for 15 hr. The glassy deliquescent precipitate of 
acrylylcholine bromide was washed with dry benzene and dried in vacuo. It had a 
molar potency of 30 per cent relative to acetylcholine on the frog rectus and similar 
chromatographic properties to the natural ester (Fig. 2). 

Acrylic acid could be readily separated by vapour phase chromatography from 
other fatty acids with the exception of propionic acid. The retention volume of the 
synthetic acrylylcholine and the naturally occurring ester were close to that 
of propronylicholine which ts known to occur in nature." © It is thus difficult to 
exclude the possibility that some propionylcholine might have been present in the 
snail extract. H ver, the presence of the double bond in the molecule and the low 
relative molat tencies of the ester on the frog rectus and guinea-pig ileum (the 
correspond es for propionylcholine are 160 per cent and 5 per cent) make this 
unlikely 
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SHORT COMMUNICATIONS 


Further biological activities of vincaleukoblastine—an alkaloid isolated from Vinca rosea (L.) 


Over a number of years interest in this laboratory has centred on possible biological activity of 
extracts of the plant Vinca rosea. In 1955 the preparation and partial purification of an extract 
containing a principle causing a fall in circulating leukocytes in the rat was reported.’ Further studies 
showed that, while the myelocytes were particularly affected, extensive changes in the bone marrow 
were induced.» * Recently it was reported that a highly active alkaloid, vincaleukoblastine, had been 
isolated as the crystalline sulphate which in a dose of 0-35 mg kg administered intraperitoneally 
caused typical haematological changes in mice, rats or guinea pigs and had little effect on the gut 
The blood changes could not be altered by treatment with folic or folinic acid.* Other impure fractions, 
if given in larger doses, had a similar effect on the haemopoetic system. One fraction was found at a 
dose level of from 2:5 to 3 mg kg also to antagonize the effect of oestrogen on the rat uterus, and this 
effect could be prevented by folinic acid.* In a few studies crude fractions of the extract were found to 
exhibit some carcinostatic action against a transplanted mammary tumor in DBA mice, and against a 
transplantable rat sarcoma + In view of the apparent high degree of activity of extracts of Vinca rosea 
against the blood forming organs, experiments have been extended to include leukemia and other 
tumours. Only preliminary observations have been made to date in view of the limited quantity of 
vincaleukoblastine available. It is apparent, however, that this substance can readily inhibit the growth 
of a number of animal tumours 

It was noted that intraperitoneal administration of an aqueous solution of the alkaloid sulphate 
gave somewhat variable effects on the blood count. However, reproducible results were obtained if 
the alkaloid was administered as a solution of the free base in aqueous propylene glycol. The sulphate 
was therefore neutralized (pH 7-0) with dilute sodium bicarbonate and the resulting suspension of the 
free base diluted with 2 vols. of propylene glycol. Appropriate amounts of the resulting clear solution 
were diluted with propylene glycol before administration 

Anti-tumour activity of vincaleukoblastine has been demonstrated against LI210 and P1534 
leukaemia transplanted in BDF hybrid mice, AKr leukaemia transplanted in AK mice, and sarcoma 
180 in Swiss mice. Limited studies have been made with an acute leukemia in Fischer line 344 rats 
(leukaemia IRC 741/139B).* Generally, treatment of groups of five mice was instituted 24 hr after 
inoculation of the animals, and consisted of daily intraperitoneal injections (0-2 c1 for 10 days 
Control animals received daily injections of the same amounts of propylene g! 

Previous studies had indicated that single doses above 1:5 mg kg of body weight were toxic for 
rats and mice. However, from 3 to 4 times this amount was tolerated with little indication of toxic 
if administered over a period of 10 days. The results obtained are summarized below 
that vincaleukoblastine has an inhibitory effect on the development of these tumours. In 
L.1210 leukaemia a comparison has been made with the activity of methotrexate 


Tests with myeloid leukaemia IRC741 
This tumour has been maintained by serial transplant in duplicate, and | 


ie duplicate animal only 
has been available for testing. Consequently treatment with Vib. has not been instituted until the 
leukaemia was well advanced (7-10 days after inoculation). Many of the animals were acutely ill 

Although survival time has not been significantly increased (15 days for treated vs. 13 days for 
untreated (three) animals), there has been pronounced alteration of the leukaemic process in peripheral 
blood. At the time therapy was instituted, the animals showed elevated total white counts (from 
30.000 cells/mm* to 200,000 cells mm") with the presence of leukaemic cells (5-24 per cent). Within 
3 days of the administration of a single dose of VIb. (0-2-0-75 mg g) the count dropped sharply to 
less than 50 per cent, accompanied by disappearance of the leukaemic cells. In one rat the periphera! 


* Kindly supplied by Dr. W. F. DUNNING, University of Miami 
347 


» 
q 
vil 
ase 
Let 
a 
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count was maintained at less than 8000 cells mm‘ with no leukaemic cells, for 5 days. This animal also 
reduction in size of the peripheral tumour 


ncaleukoblastine is in progress to determine the optimum dosage regimen 


been obtained from Vinca rosea which affect the 


showed a slight (from 4-5 cm diameter to 3-0 cm diameter) 


urther WOTRK 


affect tumours number of other fractions have 
blood picture and these are being investigated possible action on experimental tumours 


ANTI-TUMOUR EFFEC 


at the lower dose died The remaining animals are 


living { days 
Or vertently killed on day 4, one 


snowing no evidence ol 


tumour! 


TABLE 2. EFFECTS ON TI 


time 


Control 
mean 


(5S) 


ime for tumour to reach | cm diametet! 
Three failed to develop tumours. There was no evidence of tumour 


when autopsied at 80 days 
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Inhibition of an action of adrenaline by D—tartrate* 


L-ADRENALINE hydrochloride at a concentration of 4 wg (of base) per ml stimulates the oxygen 


consumption and amylase secretion of mouse parotid glands in vitro.' L-Adrenaline p-bitartrate 


failed to stimulate the oxygen consumption of the parotid glands, although it stimulated secretion 


of amylase. When sodium p-tartrate (4 ug of tartrate ml) was added to the medium containing the 


glands together with the adrenaline hydrochloride (4 »g base ml) there was again no st'mulation by the 


adrenaline of oxygen consumption, although there was a stimulation of amylase secretion. The 


inhibitory activities of the four stereoisomers of tartaric acid were compared. The highest inhibitor) 


activity was shown by bD-tartrate (82 per cent inhibition); L-tartrate had little inhibitory activity 


(29 per cent); the inhibitory activity of pL-tartrate was between that of the dextro and laevo forms 


meso-tartrate showed no inhibitory activity. Tartrate alone had no effect on the oxygen consumption 


of the parotid glands. These results are shown in Table 


TABLE |. THE EFFECT OF TARTRATES ON THE STIMULATION BY ADRENALINE OR 


PILOCARPINE OF OXYGEN CONSUMPTION OF MOUSE PAROTID GLANDS in vitro 


Oxygen uptake ( Qo.) 


Conditions No. of 
expts Control Experimental Stimulation 


Adrenaline 


Adrenaline- 2 
p-bitartrate 


Adrenaline 
D-tartrate 


Adrenaline 
DL-tartrate 


Adrenaline 
L-tartrate 


Adrenaline 
meso-tartrate 


b-Tartrate 


Pilocarpine 


Pilocarpine 
D-tartrate 


rhe figures given are in «l of oxygen per mg of tissue (wet wt.) per hr; they are 
calculated from the oxygen uptake during 60 min incubation. The incubation 
medium was the calcium-free medium II, type A, of Krebs®. The stimulating 
agent, adrenaline or pilocarpine, was added only to the experimental glands. 
Tartrate was added to both control and experimental glands except when its 
own effect on the glands was studied; then it was added only to the exper pepe 
glands. Concentrations of compounds used: adrenaline hydrochloride, 4 ug of 
base per ml; adrenaline bitartrate, 4 ug of base per ml; pilocarpine hvdrochiontde, 
4 wg of base per ml; sodium tartrate, 4 ug of acid per ml 


Since the glands were incubated in a calcium-free medium? (medium II, type A) it was possible that 
tartrate inhibited the action of adrenaline by removing calcium from the glands. Incubations were 
therefore carried out in a medium containing calcium? (medium II1) 


In this incubation medium 


The work was supported by U.S. Public Health Service grant number B-1470 (to P. HAGEN) 
Present address: Department of Biological Chemistry, Harvard Medical School, Boston, Mass 
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D-tartrate had no effect on the stimulation by adrenaline of oxygen consumption; D-tartrate alone 
had no effect on the oxygen consumption of the glands 

Although the addition of calcium chloride prevented the sodium tartrate from abolishing the 
stimulation by adrenaline of oxygen consumption, it does not necessarily follow that pD-tartrate 
removed calcium n the tissues. The added calcium might have formed a complex with the tartrate 
in the medium thus preventing the tartrate from reaching the tissue to exert its inhibitory action. The 
calcium-precipit t activities of the different stereoisomers of tartaric acid do not correspond to the 
inhibition of th irenaline effect obtained. Chio* studied the calcium-precipitating activities of the 
different stereo c rts ‘ ind placed them in the following order of descending activity 
racemic, lacvo . ” (Table 2, column II). This order does not correspond to the order of 


their inhibitory ac t ) the parotid glands (Table 2. column I) 


THE INHIBITORY ACTIVITIES OF THE DIFFERENT STEREOISOMERS OF 


TARTARIC ACID IN VARIOUS SYSTEMS 


$ given in line (a), and the least active in line (d).) 


Vi Vil Vill 


enaline of the oxveecn 
giands in 


nd LONICILY IN Quinca pigs 


niected intraperitoneally 
se in / ‘ 


it kidney cortex 


roots 
te gland 
the acid phos ase mouse parotid 


\m hydrogenase in coli:* meso-tartrate is 


conside ' n t thas p-tartrate (Table 2, column IV). Tartrate 
also in tH it n rat ‘ tartrate ts the most active inhibitor and 
D-tart 


Tartr: } yhosphata human prost gland but not that of blood: pD-tartrate 
and DL -tartrat nitration o aus cent mhibition of this enzyme, while 
yhosphatase of mouse parotid gland 


homogenat 


ictivity of the four stereorsomers, in descending 
order, mic ‘ n VIII). Both the racemic and dextro forms are 
good inhib evo and meso forms are poor inhibitors. A 
concentrat ‘ y D-tartrate per ml! ts required to mmhibit the acid phosphatase of mouse 
parotid gland t: the concentration wh iinhibits the stimulation of oxygen consumption 


by adrenaline ts 


Thus, the ord tory activity of the for ‘nt stereorsomers of tartaric acid on the 
stimulation by adrer t oxygen consumption « mouse parotid glands in vitro does not 
correspond t , ty in any of the known actions of tartrate, with the exception of 
acid phosphata tis unlikely that inhibition of acid phosphatase could be the mechanism 
of action of tart in the concentration used would not inhibit acid phosphatase in the parotid 
gland. Therefore ¢ inhibition by tartrate of this action of adrenaline cannot be explained by any 


of the other known actions of tartrate 


Tat 
(The st ac (00 ‘ 
| itl 1\ \ 
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No other inhibitory effects of tartrate on any other action of adrenaline have been reported. Tartrate 
does not inhibit the stimulation by pilocarpine of the oxygen consumption of parotid glands (Table 1); 
thus, this effect of tartrate seems to be specific for the action of adrenaline. Since calcium is present 
in most biological systems, any possible inhibitory effects of tartrate probably would pass unnoticed, 
for it would be expected that the effect of the tartrate would be nullified by the calcium in the medium. 
However, workers using adrenaline p-bitartrate in vitro should bear in mind the possibility of the 


inhibition of the action of adrenaline by equimolar amounts of D-tartrate 
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4 comparison of the distribution of lysosome enzymes and 5-hydroxytryptamine with that of 
acetylcholine in subcellular fractions of guinea pig brain 


nher 


19S) 


Tue crude mitochondrial fraction of guinea-pig brain can be resolved into three main subfractions 


by equilibrium centrifugation in a density gradient: A, particles less dense than 0-8 M sucrose, dia- 
meter 2—5 »; B, particles intermediate in density between 0-8 and | 2 M sucrose, diameter 0-02-0:3 u 
(median 0-07 «): C, particles denser than 1-2 M sucrose, mainly mitochondria. Over half the particles 


of the B laver have diameters within the size range reported for synaptic vesicles (0-02—0-08 ,) (Palay'), 
and the bound acetylcholine is concentrated in this layer (Hebb and Whittaker*, Whittaker’) 

In an attempt to define more closely the degree of homogeneity of this layer, the distribution in the 
density gradient of other particle-bound activities has been studied. Two lysosome enzymes, acid 
phosphatase and §-glucuronidase, were included because of the resemblance between the conditions 
under which acetylcholine is released from the particle-bound state and those which cause the break- 
down of lysosomes. 5-Hydroxytryptamine (5-HT) was studied as another substance to which a trans- 
mitter role in the central nervous system has been ascribed 

Acid phosphatase and 8-glucuronidase were separated by the density gradient technique, acid 
phosphatase being recovered mainly in the B layer and 8-glucuronidase in the C layer. Although 
lysosome-like particles have been reported in rat brain (Beaufay er al ‘), information as to their sedi- 
mentation characteristics was lacking. The present results suggest that the lysosome concept as de- 
veloped for liver (Duve ef a/.°) cannot be applied unmodified to brain 

Bound 5-HT was recovered mainly in the B layer, and could be released from the particles under 
similar conditions to acetyicholine. Large, dense particles of the type isolated by Baker*® from intestinal 
mucosa were not found in brain. The different distribution of acetylcholine and 5-HT in whole brain 
makes it unlikely that both substances are located in the same particle. The acetylcholine-containing 
fraction must thus be recognized as being complex and as containing particles of diverse biochemical 
and physiological function 
Department of Biochemistry, V. P. WHITTAKER 
ARC Institute of Animal Physiology, 

Babraham, Cambridge 
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Inability of newborn mice and guinea pigs to metabolize drugs 
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was incubated wi 


TABLE | 
on 


9000 ¢ supernatant 


ne 


RODL<« 


After 
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were 


7). al 


of 
th 


treated similarly 
phenacetir 
H-generating 


100 of nicotinamide, 0-2 »moles of 


DRLGS 
2 uemoles of substrate as described under **Methods”’. 


TION 


i number of enzymes 


dv sho 


! COmMan 


old, were given | mg of amidopyrine, phen 


} hr the animals were killed and then hom 
hom e analyzed for 


Th 


T he 


lie ‘ ‘ 
iv to Me abol 


ze monomethy!l- 


hexobarbit ind phenolphthalein was de- 


volumes of | 


9000 


he livers of female guinea 
15 KCI by 


15 min, and the supernatant 


two means of a 
lor 
lled Foetuses were removed from 
A typical incubation mixture 
or hexobarbitone, 3 ml of dialyzed super- 
system consisting of glucose 


IPN and 75 


Phenolphthalein was incubated with 3 ml of dialyzed supernatant, | ml of 0-1 M 


BY GUINEA PIG LIVER 


In each experimet 30 g of pooled livers were used 


Number 


of 
iments 


Age 
(days) per 


MMAP Amido- 


pyrine 


(foetus) 0 

; 0 

7 0-23-0385 
0-37-0-47 
5 0-69 O86 


0 


0-55 


0-38 0-56 


Adults { 


months old) 0-69--0-94 


0-62 0-88 


Phenacetin 


0 


0-16-0-27 


Amount of substance metabolized (in ~moles) 


Hexobarbi- 
tone 


0 
0-05-0-07 
0-26—-0-42 
0-51-0-64 


Figures represent range of values obtained 


Phenol- 
phthalein 


0 

0 
0-04-0-05 
0:13-0:18 
0-33-0-48 
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TABLE 2. METABOLISM OF DRUGS BY INTACT MICH 


Percentage disappearance in 3 hr 
Age Number of 


(days) animals Hexobarbi- 
Amidopyrine Phenacetin 


TABLE 3. EPPECTS OF HEXOBARBITONE ON MICE OF VARIOUS AGES 
Figures in brackets refer to number of animals in each series 


Dose Sleeping time (min) 
(mg kg) 


1 day old* 7 days old 21 days ok 


26 (12) 
30 (10) 


360 


* After administration of drug to | day old animals, they lay supine, while control animals placed 
on their backs attempted to right themselves 


Iris buffer (pH 8-2), 0-5 umole of DPN, 100 umoles of nicotinamide, and 0-5 umole of uridine di- 


phosphate glucose. The final volume was adjusted with water to 6-0 ml t 


Incubations were carried out 
'n a Dubnoff metabolic shaker for | hr at 37-5°C in an atmosphere of oxygen. Enzyme activity was 


defined as wzmoles of substrate metabolized per g of liver in 1 hr except that with MMAP the 


appearance of 4-aminoantipyrine was measured.* Proof that phenolphthalein disappeared by glucuron- 


ide formation was furnished by the method of Talalay er a/.” 


RESULTS 


The studies in vitro showed that newborn guinea pigs the conjugative system that forms 
phenolphthalein glucuronide’® and the oxidative systems in liver microsomes 


M MAP and amidopyrine, O-dealkylation phenacetin and oxidize the side-chain of O-hexoba bitone 


(Table 1). The enzyme systems re absent 24 hr after birth, appeared during the first week, and 
increased in activity until the ; ils were about & eeks old 


To confirm that newborn animals are unable to metabolize drugs studies in vivo were carried out on 


mice of various ages. As shown in Table 


newborn mice did not metabolize amidopyrine. phenacetin 


or hexobarbitone Animals 7 days old 


The response to hexobarbit 
peritoneally 


10 mz kg p la pronounced hypnos | dav old 


and 107 min inthe 7 day old animals. but ha Tect 


were highly toxic to the | day old animals. as comnar in older animals 


It is p obable that the greater effec | n ts from two factors, the 


inability of the animals to e central nervous system 


to the drug 


DISCUSSION AND SUMMARY 


Newborn mice and guinea pigs lack the enzymatic mechar f 


isms for metabolizing drugs such as 


monomethy!-4-amino-antipyrine, amidopyrine, phenacetin and hexobarbitone. In addition. newborn 


animals are unable to form glucuronides, an observation in agreement with that of Brown and 
Zuelzer'*. These mechanisms begin to appear in the first week of lift 


apparent maximum ts reached at 


and increase in activity until an 


about 8 weeks. In addition, the central nervous system of newborn 
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animals appears to be unusually sensitive to the action of hexobarbitone. These findings are of ob- 
vious importance in considering the use of drugs, especially narcotics and nonvolatile anesthetics, in 
childbirth and for newborn infants 
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The comparison of the effect of an even and an odd unsaturated fluoro fatty acid on kidney 


particles 
(Received 30 December 1958) 


THE theory that fluorocompounds wit! ! r of ¢ 


an even numbe are toxic and those with an odd 
number not so (Saunders': 2). | 


as received support 


f ecent eriments inv ivo for compounds 
with a longer chain than C, (Pattison®: Parker and W The latter also found that accumulation 


of citrate int followed the rule. Contirmation in seemed to be desirable 


w-fiuorofatty acid, 
Fic. |. The effect of fluorofatty acid on accumulation of citric acid with kidney particles from the 
guinea pig 
Ordinate: umoles citric acid accumulated in 40 min 
Abscissa: amount in ug of w fluorofatty acid added. (The extra point at 10 ug is from a second experi- 
ment) 
@ |2-fluorododec-2-enoic acid; 1 3-fluorotridec-2-enoic acid 
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The two acids 12-fluorododec-2-enoic acid F(CH,)yCH=CH COOH and 13-fluorotridec-2-enoic 
acid F(CH,),oCH=CHCOOH became available through the kindness of Professor F. L. M 
Pattison (London, Ontario). Their effect was tested on our usual preparation of kidney particles 


from the guinea pig with the results upon citrate accumulation shown in I ig. |. This was one out of 
two similar experiments. It is clear that with the long carbon chains the results in vitro are similar 
to those in vivo (Parker and Walker*), and that the double bond in this position makes no difference. 
C;, is very much more powerful than C,,, at least 50 times; as stated elsewhere, the long-chain fluoro- 
fatty acids with an even number of C atoms are more effective inhibitors than fluoroacetate. so that 
the system for activation to fluorocitric acid is very active in these kidney particles 


EXPERIMENTAL DETAILS 
Kidney mitochondrial particles were prepared as described previously (O’Brien and Peters®). 
The amounts of enzyme used in 1-9 ml were reinforced with MgCl, (4:0 umoles), ATP (1-2 umoles). 
Na fumarate (20 wmoles), fluoroacid as stated, together with KCI 1-0°. to a total volume of 3-0 ml 
The flasks were shaken for 40 min at 37°. Citric acid was estimated by the method of Taylor,® 
after deproteinization with trichloracetic acid 


icknowledgements—I am indebted to Miss R. Shawdon and Miss P. Ivall for their skilled technical 
assistance 
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